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Abstract

Gaseous and liquid xenon particle detectors are being used in a number
of applications including dark matter search and neutrino-less double beta
decay experiments. Polytetrafluoroethylene (PTFE) is often used in these
detectors both as an electrical insulator and as a light reflector to improve
the efficiency of detection of scintillation photons. However, xenon emits in
the vacuum ultraviolet (VUV) wavelength region (A ~175 nm) where the
reflecting properties of PTFE are not sufficiently known.

In this work we report on extensive measurements of PTFE reflectance,
including its angular distribution, for the xenon scintillation light. Vari-
ous samples of PTFE, manufactured by different processes (extruded, ex-
panded, skived and pressed) have been studied.

The data were interpreted with a physical model comprising three com-
ponents: a specular spike, a specular lobe and a diffuse lobe. The model
was successfully applied to describe the reflectance of xenon scintillation
light (A = 175nm) by PTFE and other fluoropolymers. The measured data
favours a Trowbridge-Reitz distribution function of ellipsoidal micro-surfaces.
The intensity of the coherent reflection increases with increasing angles of
incidence, as expected, since the surface appears smoother at grazing an-
gles. The relative intensity of the specular spike was found to follow a law
exp (—K cos 0;) where 6; is the angle of incidence and K is a constant pro-
portional to the roughness of the surface.

This simulation describes fairly well the observed reflectance of the PTFE
and other polymers for the entire range of angles.

The reflectance distributions were integrated to obtain the hemispherical
reflectances. At normal incidence the hemispherical reflectance of PTFE in
vacuum is between 47% and 75% depending of the manufacturing process
and surface finishing.

The reflectance model was implemented and coded as a class of Geant4.
This new class was used to describe the reflectance processes in a liquid
xenon chamber.

The reflectance of the PTFE in the liquid will be larger than in the gas. In
this case the reflectance is estimated to be between 76% and 90%






Resumo

Os detectores de xenon, gasoso e liquido, sdo utilizados em diversas exper-
iéncias no dominio da deteccdo de eventos raros, particularmente em ex-
periéncias de procura de matéria negra, experiéncias de decaimento duplo
de radiagdo beta. O politetrafluoroetileno (PTFE) é usualmente escolhido
como isolador eléctrico e reflector melhorando a eficiéncia de detec¢ao da
cintilagdo do xénon. No entanto, o xénon cintila na regido do ultravioleta
do vacuo, nessa regido do espectro electromagnético as propriedades reflec-
toras do PTFE néao sao suficientemente bem conhecidas.

Neste trabalho é medida a distribui¢do angular do PTFE para a luz de cinti-
lagdo do xénon. Diferentes amostras de PTFE produzidas de modo distinto
foram estudadas. O estudo também incluiu os copolimeros ETFE, FEP e
PFA, na eventualidade de poderem ser usados como substituto do PTFE.

Os dados sdo descritos por um modelo fisico composto por trés compo-
nentes distintas, lobo especular, lobo difuso e pico especular. Os dados
observados indicam uma distribui¢do das microfaces baseada no modelo
de Trowbridge-Reitz. Este modelo assume que a superficie pode ser de-
scrita por uma distribuicdo de alturas dada por um elipsoide de revolucao.
A intensidade do pico especular cresce, como esperado com o angulo de
incidéncia. Assim a superficie parece mais espelhada para direc¢des de vi-
sionamento afastadas da normal da superficie.

O modelo for introduzido no Geant4 podendo ser utilizado em simulag¢des
e analise de dados dos detectores de cintilacao.

A reflectancia obtida para o PTFE situa-se entre 47% e 75% para a luz de
cintilagdo do xénon. No entanto este valor é baixo quando comparado com
a reflectancia no visivel. Por isso realizaram-se medidas no visivel que
mostraram que a reflectancia cresce no visivel para os niveis esperados.

Numa camara de xénon liquido a reflectancia observada é maior sendo es-
timada entre 76% e 90%.
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Introduction

Liquid/gaseous xenon detectors based on scintillation are being used (or devel-
oped) for several applications, in particular dark matter search, neutrino experiments
or medical imaging [1]. The response of such detectors depends of the properties of the
liquid/gas (namely absorption and Rayleigh scattering) but also of the reflectance of
the container surfaces. This response is of extreme importance for the optimization of
the scintillation detectors and particularly as an input for the Monte Carlo simulations.
However, since the scintillation light is in vacuum ultraviolet (VUV) at A ~ 175 nm, the
absorption in air is high, making the measurement of the reflectance difficult.

The aim of this work is to measure the angular distributions of the xenon scintil-
lation light reflected by materials which are used in the container surfaces of the lig-
uid/gas xenon chambers, especially polytetrafluoroethylene(PTFE) which is most often
applied in the inner walls of liquid/gas containers [2].

The PTFE, also known as Teflon®, is a polymer produced from the tetrafluoroethy-
lene ((CyF4),,) in which the strong bound between the carbon and fluorine atoms leads
to a high chemical stability in a wide range of temperatures. This stability makes the
PTEFE suitable to be used in scintillation detectors. However, the main reason for the
use of this material is its high reflectance which is about ~ 99% for wavelengths in the
range from 350 to 1800 nm [3]. For the xenon scintillation light the reflectance distri-
bution is not well known, although some results suggest that it is placed between 50%
and 70% (Kadhkhoda, 1999 [4]).

The PTFE can be produced by different industrial processes (namely molded, skived,
extruded and expanded). In all these cases PTFE is obtained by suspension polymeriza-
tion from the tetrafluoroethylene, reduced to a fine powder and agglomerated in small
pellets, to be then: i) compressed in a mold, ii) extruded, iii) skived and iv) expanded
by air injection, respectively, to produce the types aforementioned.

The PTFE belongs to a class of polymers known as fluoropolymers, which includes
also materials as for example ETFE, FEP and PFA. The ETFE is also known as Tefzel®,



or Fluon®, is used in certain applications as a replacement of the glass due its high
transparency for visible light. The FEP or Fluorinated ethylene propylene is translucent
for the visible light. The PFA is used as an isolator. Owing to the fact that all these
materials belong to the same family of polymers, they can be used as a replacement for
the PTFE.

The measurement of the reflectance distribution requires a angle resolution system,
also called goniometer, to obtain the scattered intensity at different angles. The go-
niometer used was conceived and mounted in our laboratory and due the absorption
of the light by the oxygen molecules it was placed inside a air tight chamber filled with
argon gas. The source of VUV light is a small cylindrical proportional counter filled
with xenon gas at about about one bar and emitting light with a wavelength of 175 nm.
The charge signal taken from the central anode is used for triggering thus reducing the
background signal. The light is collimated with two iris diaphragms and strikes in a
sample mounted in a structure that can rotate about the vertical axis allowing the an-
gle of incidence to be changed accordingly. The light detector (a photomultiplier) is
mounted on a moving stem allowing to change the viewing direction. The photons are
detected in single photon mode, both the signals of the charge and light are digitalized
and carried to a coincidence unit. The components of the system are aligned with a
He-Ne laser beam, namely the positions of pin holes, the PMT slit and the inclination
of the samples relatively to the plane of reflection. The measurements are performed in
the plane of incidence but can be performed in other planes as well, as far as the sample
is inclined relative to the rotation axis.

The measured reflectance corresponds to the ratio between the observed intensity
and the incident flux. The incident flux is measured with the sample raised, letting the
light go straight to the PMT, then the sample is lowered and the intensity is measured
for several positions of the sample and photomultiplier.

The collected data needs to be interpreted using a reflectance model. Usually for a
perfectly smooth sample the reflectance is fully described using the Fresnel equations
which are dependent of only two parameters: the index of refraction, 7, and the extinc-
tion coefficient, k. However, the surfaces have usually at least some roughness and the
reflection can no longer be considered purely specular. Also the light that is transmitted
to the bulk of the material can suffer multiple refraction producing a diffuse reflectance
pattern. More generally the reflection is described by a bidirectional reflectance func-
tion ¢ defined for the incident (6;, ¢;) and viewing directions (6, $,). This quantity
is however purely conceptual and can not be measured directly with the goniometer.
Thus it is necessary to modelling the reflectance distribution of the material.

The bidirectional reflectance of rough surfaces can be modeled by a superposition
of a diffuse plus a specular reflection. Much less, however, is known for wavelengths
A =~ 175 nm concerning both the reflectance and the angular distribution of the reflected
light. Consequently, the Monte Carlo simulations usually assume a priori that the sur-
face is purely lambertian [5]. In the lambertian model the surface looks equally bright



independently of the viewing angle. In inhomogeneous dielectrics the diffuse com-
ponent arises from subsurface multiple scattering of the light due to inhomogeneities
in the material [6]. However, there are some situations where variations relatively to
the lambertian model have been observed, specially for small viewing grazing angles.
Thus new models have been proposed including the effect introduced by the interface
between the gas/liquid and the material (Wolff model) and the effect introduced by the
roughness of the surface (Oren-Nayar model).

The roughness of the surface, which has effect on both diffuse and specular reflec-
tions, can be generically described by a function of heights and a correlation function
between two different points of the surface. The computation of the scattered elec-
tromagnetic wave results in i) a coherent field corresponding to the average field and
yielding a spike at the direction of specular reflection and ii) a fluctuating field leading
to the specular lobe of reflection.

However, in many situations, when the wavelength of the incident light is larger
comparatively to the dimensions of the surface the roughness characterization can be
approximated to an ensemble of micro-surfaces randomly oriented in space, following
a certain probability distribution function related to the surface structure [7]. At low
grazing angles the quantity of the reflected light is reduced due effects of shadowing
and masking that occur at the surface, this effect is introduced using a geometrical
attenuation factor.

For the rougher samples three parameters suffice to describe the observed reflectance,
namely: i) the index of refraction, ii) the albedo of the surface and iii) a roughness pa-
rameter. The reflectance distributions of the samples were measured both in and out
of the plane of incidence. It was found that smoother surfaces are better described if a
specular reflection spike is also included to account for coherent reflection at the surface
average plane.

The reflectance models were applied to describe the reflectance distribution in met-
als (copper and gold), crystals (quartz), glass and the fluoropolymers. The reflectance
of the PTFE was measured for different manufacturers, different manufacture methods
and for polished and unpolished surfaces. Then the results can be integrated for all
viewing or/and incident directions to obtain the hemispherical reflectances.

This study is not restricted to the xenon scintillation light. It is possible measure
the reflectance at any wavelength in the visible and U.V. spectra. In this work the
reflectance of the PTFE was also studied for larger wavelengths using light emitting
diodes. The same procedure can be followed to study other scintillation detectors.

The reflectance models currently in use in the Geant4 toolkit are not suitable to re-
produce the observed reflectance distribution. They usually assume constant weight
factors for the reflection components, independent of the incident and viewing direc-
tions which does not correspond to the reality. This is not observed in our experiment,
thus a new reflectance model was introduced in the Geant4.

The model introduced in the Geant4 can be applied directly to a liquid xenon cham-



ber. The index of refraction of the liquid xenon is larger than the index of refraction of
the PTFE, thus when the PTFE is immersed in the liquid the reflectance increases due

the larger probability of reflection in the interface liquid /PTFE and the lower probabil-
ity of reflection in the interface PTFE /liquid.



CHAPTER 1

On the Liquid/Gas Xenon Scintillation Detectors

The gaseous/liquid xenon detectors are being used today in many experiments in
the field of particle physics. We can identify dark matter experiments [8], neutrinoless
double-beta decay searches [9] or rare decays such as y — e7 [10]. These detectors are
also relevant for medical imaging applications and more generally in systems aiming at
detect very small energy depositions or/and a very low event rate. The liquid xenon is
a good medium to detect these phenomena due its high mass and high density which
provides a high stopping power for the ionizing radiation.

The liquid xenon detectors work by measuring the scintillation produced from the
xenon excimers or collecting the charge emitted by the ionized xenon atoms, the ex-
cimers and ions are produced by the passage of charged particles in the medium. E.g.,
the charged particle can be a recoil of a xenon nucleus caused by an incident neutral
particle (e.g. a neutron or other neutral particle such as a neutralino), a recoil from an
electron produced in a photoelectric process due an incident gamma ray. Among the
rare gases detectors the xenon has the highest scintillation and ionization yield com-
paratively to the other rare gases.

The detection of small amounts of energy or a low event rate require a very good
control of the background which involves a good knowledge of the detector, not only
of the properties of xenon as scintillation and detector medium but also of the reflect-
ing properties of the surrounding surfaces. The aim of this work is the study of the
reflectance of the interior surfaces. The types of the surfaces that are used in the lig-
uid/gaseous xenon can be crystals (ex. quartz and fused silica), metals (ex. copper and
stainless steel) and plastics. One plastic that is used today in many of the liquid/gas
xenon experiments is the polytetrafluoroethylene (PTFE). It has good mechanical and
thermal properties, can be used in a high range of temperatures, is a good electric in-
sulator and has a low natural radioactivity being suitable to be used in the scintillation
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detectors. It has also a high reflectance (at least above 200 nm), which is a good char-
acteristic to detect small amounts of energy deposition. However, the reflectance of the
PTFE is not well known for the wavelength of the scintillation of the xenon (at 175 nm)
and a detailed study of this phenomenon is needed.

1.1 Physics of the Liquid/Gas Xenon Detectors

The physical and optical properties of the xenon makes it a good candidate to be
used in rare event experiments. Properties such as its high density of the liquid phase
(PLxe=2.953g/ cm?® [11]) and high atomic number of the xenon atom (Z=54, A=131.29)
provides a high event rate and makes the xenon very efficient to stop the incident ra-
diation [12] (see table[[). Comparatively to argon and krypton, xenon has the highest
boiling point (about —104°C) and the highest liquid density.

The basic mechanism of the rare gaseous/liquid detectors is the conversion of the
energy of the incident particle to photons of scintillation and charge carriers. The
xenon is a good scintillator having the largest light yield comparatively to the other
rare gaseous detectors. The scintillation produced has the highest wavelength (175 nm)
relatively to the other rare gas detectors. Although it belongs to the vacuum ultra violet
region (VUV), thus absorbed by the air and some materials as glass, it can be detected
by photomultipliers (PMT’s) equipped with quartz windows.

The xenon has about nine stable isotopes, about 48% of them have odd mass num-
bers, either as 12Xe or 131 Xe. These nuclei have a nuclear spin different from zero, thus
it is possible to use these nuclei to observe spin dependent intereactions. The xenon
does not have long live radioactive isotopes which it is an essential requirement in low
event experiments. It can be however contaminated with Kr in the process of the
xenon extraction from the air. It is usually removed from the xenon using processes of
distillation and absorption .

Table I: Physical properties of the noble gas and noble liquid detectors

Neon Argon Krypton Xenon
Atomic number Z 10 18 36 54
Atomic weight A 20.1797 39.948 83.798 131.30
Boiling Point (Tg) at 1 atm (K) 27.102 87.26 119.74 169
Triple Point (K, bar) [13]] (25; 0.434) (84; 0.67) (116;0.72)  (161;0.80)
Gas density at 1 atm (g /1) [14] 0.8881 1.7606 3.696 5.8971
Liquid density at T (g/ml) 1.204 1.399 2.403 3.100




1.1 Physics of the Liquid/Gas Xenon Detectors

Mechanism of scintillation

The scintillation observed in a rare gas detector is emitted by the dimmer molecule,
Xe; for the xenon. The process of formation of the molecule is represented in the figure
[L.1l for the xenon. As shown, the ionized particle (e.g., electron, alpha particle, xenon
atom) traveling through the xenon loses energy through ionization (Xe— Xe™) or ex-
citation (Xe—Xe*) of the neighbour atoms. The excited atom Xe* will form in some
picoseconds the metastable excimer molecule Xej [15]. In the ionization the ions of Xe™
combine with a xenon atom to form Xe; as it has ~1 eV less than both Xe™ and Xe sep-
arated. The electrons created in the ionization process lose energy in the medium by
creating more excitons Xe*, ionizing more atoms Xe™ or emitting phonons. If there is
no electric field applied then they will recombine with the ion Xe; producing the exited
state Xe** and a xenon atom which decays to Xe* in a non-radiative process producing
another excimer molecule Xe; [16].

The photons of scintillation in xenon are produced in the transition between the
singlet (21) or the triplet (*%;") and the ground state (1Z;> of the dimmer molecule

Xej. In the gas the emission spectra is dependent of the pressure. For a gaseous pres-
sure below 0.1 bar the emission is dominated by the first continuum which corresponds

[ Electron/Nuclear Recoil]
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* +Xe

Xey
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~27 ?Jsff
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Figure 1.1: Mechanism of scintillation in xenon. There are two main channels for the
production of VUV scintillation, ionization and excitation. In both situations a photon
of scintillation is produced in the radiative decay of the molecule Xe,.
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Figure 1.2: Potential curve of the lowest Xe; states and the transitions of the 1st and
2nd continua, 1 a.u.= 0.053 nm (from [18]])

to a decay from a high vibrational level to the ground state. This emission is highly
dependent of the pressure and placed around 150 nm [17]. The second continuum is at-
tributed to transitions from the lower vibrational levels of the same electronic states. It
appears at a pressure of about 0.05 bar and becomes dominant over the first continuum
above a pressure of 0.2 bar. Above 0.5 bar the second continuum is highly suppressed
and only the second continuum is generally observed [44]. The potential curves of the
states of the molecule Xe; and the two continua are shown in the figure[1.2]

The wavelength of the emitted scintillation for the second continuum is about the
same both states of the excimer and is peaked at 175 nm in the gaseous xenon and is
slightly red shifted in the liquid (~ 178 nm). The width of the emission spectra in the
gas is larger comparatively to the liquid and solid (see figure[1.3). The peak of emission
for the different rare gases in the liquid and gas states is shown in the table[[l As shown
the peaks have relatively the same value in gas and in the liquid expect for the krypton.
It is also observed that the wavelength of the scintillation generally increases with the
increasing of the atomic number of the element.

The decay time of the excited molecule Xej is dependent of the molecular state of
the excimer, in the liquid xenon it is about 3 ns for the singlet ¥.,” and about 27 ns for
the triplet state *%,". For the gaseous state the decay time of the singlet decreases with
increasing of the gas pressure, approaching to the values of the liquid at high pressures
[19]. This corresponds to the lowest decay times relatively to the other rare gases [20]
(see table[[T) providing a time resolution comparable to the plastic scintillators.

The decay times do not depend strongly with the type and energy of the incident
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Figure 1.3: The emission spectra for the liquid (full line), solid (dashed line) and
gaseous (dotted line) xenon. These results were obtained by [37] at a pressure of 1
bar.

particle [28]. However, these values are increased by recombination time which is de-
pendent of the incident radiation. For electronic recoils the recombination time is about
15 ns, for alpha particles recoils the time of recombination is very short because the
linear energy transfer LET (dE/dx) is much higher that in the electrons. Moreover, the
ratio between the intensities of the singlet state, I;, and triplet state, I3, is different. In
a recoil from an electron the scintillation is originated mainly from the triplet state, in
contrast with a nuclear recoil for which the singlet state is stronger. Thus the analysis
of the pulse shape can be used to discriminate between a recoil from an electron and a
recoil from a nuclei.

The ionization and scintillation yields

In a scintillation detector the light detected in the photo-sensors need to be related
with the type, energy and position of interaction of the incoming particle. This however
requires a deep knowledge of the detector and the physical processes involved. The
liquid xenon has a higher ionization and scintillation yield than the other rare gases
being more efficient to produce both scintillation and ionization.
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Table II: Scintillation and ionization characteristics of the argon, krypton and xenon detectors

Argon Krypton Xenon
Gas Liquid Gas Liquid Gas Liquid
Scintillation Properties
Second continuum (nm) 13048 [21] 12945 [21] 148+6 [21] 17746 [21] 175+7 [21] 1787 [21]
First continuum (nm) T 108 [22] 125 [22] 149 [22]
T at 1.5 bar 25 [19] 15.3+3 [19]
Lp — Xy 1 (ns) at 10 bar 42 [19] 5.0+0.2 [27] 2.1+0.3 [27] 5.5 [19] 2.2+0.3 [27]
Syt — 12; T3 (ns) 3,2004300 [19] 860430 [27] 804+3 [27] 9645 [19] 27+1 [27]
(electron) 0.3 [28]] 0.05[28]
L/ (alpha recoils) 1.3 [28] 0.4540.07 [28]
(fission frag.) 3 [28]] 1.6+£0.2 [28]
Refractive index n ¥ 1.38 [23] 1.0006548 [24]] 1.51 23]+ 1.0011867 [24] 1.69 [25] [23]
Rayleigh scattering length (estimated) L, (cm) 90 [23] - 60 [23] 30 [23]
Attenuation Length (measured) (cm) 66+3 [26] 82+4 [26] 29+2 [26]
lonization Properties
t15b 26.4+0.5 [30 24.0+0.5 [30 20.9+0.4 [30
Wi V) at10bar 26.740.5 {30} 23.6£03 311 5378405 {30} 18403 311 510304 %30} 15.6£0.3 [31]
Nex/N; 0.52 [30] 0.26 [15] 0.55 [30] 0.10 [15] 0.60 [30] 0.06[15]
Scintillation Yield th (eV)
Relativistic Electrons 25.142.5 [26] 23.7+2.4 [26] tt
a-particles (in the gas at 1-2 bar) 50.6+2.6 [34] 27.5+2.8 [26] 42.043.0 [34] 49.6+1.1 [35] 19.64+2.1
34.3+1.6 [34] 17.1+1.4 [36]
a-particles at high pressure (10 bar) 25.3+1.1 [34] 22.31+0.8 [34] 14.6+0.5 [34]
a-particles with an applied electric field 59.442.4 [30]
Nuclear recoil 14.741.5 T
Lg/Lo* 1.11+0.05 [31] 0.87 [32]

 Only observed for low pressures of gas (typically below 0.1 bar)

¥ At the scintillation wavelength of the second continuum
1 Estimated

* Ratio between the scintillation produced in an electronic recoil and recoil from an a-particle
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1.1 Physics of the Liquid/Gas Xenon Detectors

When a particle interacts with the atom of xenon it deposits a certain amount of
energy E under excitation or ionization. The energy balance equation for this process is
given by

Eo = N;E; + N.E, + N;e (1.1)

where Ny and Nj are respectively the number of excited and ionized atoms by the
incident radiation, E; and E, are the average expended energy for the ionization and
excitation and € corresponds to the average energy of the sub-excitation electrons.

The ionization yield is given by Eo/W; where Ey corresponds to the deposited en-
ergy and W; is defined as the average absorbed energy required for the production of
the electron-ion pair. This value is almost independent of the energy and type of the
incident particle, therefore it is a characteristic of the medium. It is about 21.0 eV for the
gas and 15.6 eV for the liquid [31] (these values are shown in the table[lland compared
with the other rare gases).

The measurement of the ionization is performed by applying an electric field to the
liquid or gas which inhibits the recombination of the electrons with the xenon ions.
When the ionization density is low (e.g. an electronic recoil or a recoil in a low pressure
gaseous detector) the electrons can be collected using a weak electric field. For heavily
ionizing particles, such as a recoil from an alpha particle, large part of the electrons
recombine with the xenon ions even when a large electric field is applied. For an alpha
recoil in a liquid xenon detector only 10% of the charge is collected for an applied field
of 20 kV/cm [29]. Due the lower density the charge collection efficiency is usually
higher for the krypton and argon

In the same manner the scintillation yield is E/W,, where W, is the average ab-
sorbed energy required for the production of a photon [38]. In the absence of photon
reduction processes Wy, is related with W; through

th = Wi/ (1 + Nex/Ni) (1.2)

However, it is observed deviations relatively to the equation [[.2] and generally the
value Wy, is dependent of the linear energy transfer (LET) of the recoiled particle, the
amount of energy deposited by the recoiled particle per unit of length path. The value
of Wy, increases for small LET (<10 MeV- cm?/ g) and higher LET (>1 GeV-cm?/ g)
[39] of the particle that is recoiled.

In the low LET region, such as a recoil from a relativistic electron, the value of Won
is higher because some electrons do not recombine immediatly due the low ionization
density. They lose their energy in successive elastic scattering with the atom (thermal-
ization) and do not recombine in an extended period of time.

In the high LET region, recoils of the heavier particles usually a nuclear recoil, the
reduced light yield is caused by the so-called quenching effect. The ratio between the
the scintillation yield by the nuclear recoil and the scintillation yield by an electron
recoil of the same energy is called called the relative scintillation efficiency L [40]. The
quenching is usually assumed to be caused by energy transfer from the recoiled particle
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1. ON THE LIQUID/GAS XENON SCINTILLATION DETECTORS

to the translational motion of the atoms (atomic quenching described by the Lindhard
theory [41], [42]). However, the quenching observed for the rare gases is larger than the
predicted by the Lindhard theory. Hitachi proposed the collision between two excitons
producing one photon instead of two as the cause for the electronic quenching [43]]
(Xe* + Xe* — Xe' +e7). Due to its large atomic mass the quenching for the xenon
atom is larger relatively to the other rare gases. The measured value for the quenching
factor shows that the value changes with the energy of the incident atom, however it is
almost flat for a xenon nuclear recoil with energy between 20 keV and 200 keV being
about 0.19+0.02 [44].

The values obtained for Wy, for the alpha and electrons are shown in the table [l for
the gas and the liquid and compared with other rare gases. As shown the value of Wy,
is smaller relatively to the other rare gases being the xenon more effective to produce
scintillation photons.

Photon interactions in the liquid xenon detectors

In a liquid /gas xenon detector, the light can change their direction between the hit
position and the photo-detector window(e.g. a photomultiplier), due the scattering in
the inner surfaces of the detector, Rayleigh scattering, or be absorbed in the surfaces or
in the liquid/gas bulk. A description of these phenomena is necessary to relate the light
observed in the photo-detectors with the deposited energy. The xenon is considered to
be transparent to their own wavelength scintillation, the energy of absorption band is
above of the energy of the emission band, however the photons can be absorbed by
impurities that exist in the bulk, particularly water vapor and oxygen [45]. Thus, this
value is dependent of the purification of the liquid or gas, being usually necessary to
control the purification during the experimental procedure. The Rayleigh scattering
should have a assignable effect in the liquid. The estimated Rayleigh scattering length
is about 30 cm [23], however this value was not measured experimentally. It is ex-
perimentally difficult to distinguish the Rayleigh scattering from absorption, therefore
what is usually reported is the attenuation length d,; given by a combination of both

effects , . ,
S 1.3
Lat Lr Lab ( )

L, is the Rayleigh scattering length and L, is the absorption length. The values re-
ported for the attenuation length are 2942 cm [46]], 36.4£1.8 [25]. These values are very
similar even when different purification systems are used, thus the main contributor
for the attenuation length should be the Rayleigh scattering. The reported values of
the attenuation length for the xenon are lower comparatively to the liquid argon or
krypton where the attenuation reported is greater than 60 cm [46]. This reduces the po-
sition/energy resolution of the liquid xenon relatively to the other rare gases. However,
mixtures between argon or krypton and liquid xenon (3%) have attenuations length re-
ported greater than 1 m being the emitted photons peaked at 174 nm similarly to the

12
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pure liquid xenon [26].

Concerning to the reflection in the interior surfaces of the scintillation detectors
there is poor knowledge of the reflecting properties of most materials that are used.
Because the index of refraction of the gas (n ~ 1) and of the liquid (n ~ 1.69, [25]) are
far apart, the reflectance in the interior surfaces will be different. Moreover, liquid and
xenon detectors usually work at different temperatures which can change the optical
constants of the materials involved.

A deep knowledge of the reflection processes is essential for a good data analysis
(e.g. simulation and position reconstruction) and also for the design of new detectors.
Whenever the number of photons produced is very low a high reflectance is required
for the interior surfaces which means using materials such as PTFE or alike enhancing
the properties that are desirable to a specific experiment. For example when the recoil
energies are very low the number of photons produced is very low, this requires a high
reflectance of the interior surfaces and use a material such as the PTFE.

The two-phase detectors

The most interesting mode of operation of liquid noble gases detectors is in the two
phase mode. This type of detectors are composed by a liquid phase plus a gaseous
phase (saturated vapour) in which both the scintillation and the ionization are mea-
sured. A high and constant electric field is applied in three distinctive regions, the
liquid, the vapour and the liquid/gas interface. Due the electric field applied the elec-
trons created by the primary ionization in the liquid phase that do not recombine are
pushed to surface of the liquid and extracted to the vapour phase. In the vapour they
produce more light, electroluminescence or secondary scintillation (often abbreviated
to S2), proportional to the primary ionization. The light signal from the excitation and
recombination is called primary scintillation (abbreviated to S1). Both signals from pri-
mary and secondary scintillation are detected by VUV sensitive photodetectors such
as photomultipliers that can be located in the gas or in the liquid. The two signals are
strongly anti-correlated because the presence of an electric field leads to the suppres-
sion of the recombination [47], decreasing the signal of the primary scintillation.

The advantage of the two phase detectors is the increased power of discrimination
between an electron and a nuclear recoil. An incident beta or gamma ray will produce
mainly electroluminescence because the recombination is highly suppressed, whereas
the recoils due to incident alphas or nuclei will produce mainly direct scintillation (S1).
Thus the ratio between primary and secondary scintillation will be different in the two
situations. Another advantage comes from the 3D position sensitivity resolution that
is achieved with the detection of both signals. The signal from the electroluminescence
provides a good spacial resolution in the x-y plane, also the delay of this signal rela-
tively to the S1 signal is caused by the drift time of the electrons in the liquid, giving
information about the depthness of the interaction in the liquid.
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1.2 Experiments Using Scintillation Gas/Liquid Xenon Detect ors

Several experiments seeking fundamental physics use of liquid/gas detectors. Gen-
erally they are aimed at observing rare events such as the interaction of dark matter,
double beta decay or other rare decays such as y — e decay. It worths mention the
fact that concurrent experiments using liquid /gas detectors are being used to measure
the same phenomena (e.g. dark matter or double  decay searches). The active mass of
these experiments has been increased in recent years and there are projects to experi-
ments with active masses that can reach one ton.

The application of xenon detectors is not restricted to fundamental physics, they
have also been projected to be used in medical imaging and gamma ray telescopes [50].

The detectors use mainly dual phase detectors measuring both light and charge thus
the particle identification is easier. To increase the efficiency in the light collection the
materials in contact with the xenon should have a high reflection, thus the use of PTFE
as a vessel material is common.

Dark matter searches

The existence of dark matter is required by various cosmological evidences. The
primary cosmological evidence is the observation of the rotation curves of the galaxies,
i.e. the circular velocity of the stars as function of the distance to the centre of the
galaxy. The matter observed is not enough to explain the rotation curves observed
using the newtonian dynamics, therefore a halo of exotic matter is usually assumed
[55]. Moreover, the barionic density inferred from the primordial nucleosynthesis is
not able to explain the formation on large scales and extra-galactic dynamics [51} 152].

One of the diverse possibilities of dark matter is the existence of weakly interactive
massive particles (WIMP) [8]. A good candidate is the neutralino, the lightest and stable
particle of the supersymmetric model [53]],[54].

The high mass of the Xe nucleus provides both a good kinematics match for WIMPs
in the energy range between 10 and 1000 GeV and a high event rate comparatively to
the other rare gas detectors. The coherent cross section between the WIMP particle
and the nucleus is proportional to A%, where A is the atomic mass of the nucleus [55].
Nevertheless the expected rate of collisions in the liquid is still very low (between 0.1
and 0.0001 events/kg/day in a liquid xenon detector [56]) which implies reducing the
background to extremely low levels. The event rate of one of those detectors is typically
~ 10° lower than the ambient background rate due the radioactivity from the detector
and shielding structures and muon cosmic rays. Thus these experiments need to be
placed in deep underground facilities such as mines or mountainous tunnels. Also in
the construction of the detector is necessary to use low radioactive materials and imple-
ment an active veto system for background rejection in addition to a passive shielding
structures for neutrons and gammas background.
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Currently there are four major collaborations searching for dark matter collisions
[49]: i) the ZEPLIN collaboration working at the Palmer Laboratory in a potash salt
mine in United Kingdom, ii) the XENON collaboration operating in the Laboratori
Nazionale del Gran Sasso in Italy, the LUX collaboration in Stanford Deep Under-
ground Laboratory at the Homestake Mine, South Dakota and the XMASS collabora-
tion in Mozumi Mine in Kamioka, Japan.

The ZEPLIN II experiment conducted by the ZEPLIN collaboration was a two phase
detector with a 31 kg of liquid xenon. The volume was viewed with seven photomulti-
pliers placed above the liquid in the gas phase. The volume was defined by a thick
PTFE tapered annulus with a conical frustum [56], [59]. This experiment excluded
WIMP-nucleon collisions with a cross section above 7x10~2 pb for a WIMP mass of
65 GeV/c2. In the simulation studies of this detector, the PTFE was assumed to be a
perfectly diffused surface with an albedo of 0.9 [5].

The ZEPLIN III experiment is currently in operation, it uses a 12 kg two-phase
xenon time projection chamber, with 31 photomultipliers viewing the liquid from the
bottom. The liquid is surrounded by a copper reflector where the bottom surface has
been lapped and left highly polished [60]. In the simulation studies the reflectance of
the copper was set to be 15% with a gaussian smearing of 20° around the specular direc-
tion [61]. The results from the first science run have excluded a WIMP-nucleon elastic
scattering spin-independent cross section above 8.1x 1078 pb at 60 GeV /c? with a 90%
confidence limit [62].

A cross section view of the ZEPLIN II and ZEPLIN III detectors is shown in the
figure[L.4

The XENON10 experiment from the XENON collaboration has a 15 kg of fiducial
mass, two sets of PMT’s that are placed above and below the liquid, the lower set of
PMT'’s is placed in the liquid detecting the light that is oriented to the bottom of the
chamber, the top array is placed in the gas detecting mainly the proportional scintil-
lation light [57]. The active volume is defined by a cylinder of PTFE with an inner
diameter of 20 cm and a height of 20 cm. The first results are already published [64]
and show an upper limit for the WIMP placed at about 8.8x10~8 pb for a WIMP mass
of 100 GeV /2.

The XENON100 is an improvement over XENON10 aiming to increase the sensibil-
ity by a factor of 100. The active volume has a mass of about 70 kg and it is enclosed in
a PTFE cylinder of 15 cm radius and 30 cm height [58].

The LUX collaboration will be a 350 kg active mass two-phase xenon experiment,
whose active volume is viewed by 120 PMT’s. It aims to achieve a sensitivity better
than ~7x10~Y pb in one year of operation [31]. PTFE is being considered for the vessel
inner walls.

The XMASS experiment (Xenon detector for Weakly Interacting Massive Particles)
is being constructed in the mine of Kamioka and was designed as a multi-purpose
experiment. The detector will be spherical in shape and uses 800 kg of liquid xenon
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(a) Schematic of the ZEPLIN-II detector. The (b) Cross-sectional view of the ZEPLIN-III detector
liquid xenon volume is viewed from above by showing the key sub-system components. The liquid
7 quartz-window photomultipliers and surround xenon volume is viewed by 31 photomultipliers, the
by a PTFE wall [63]. bulk of the parts are made of copper [60].

Figure 1.4: Cross section view of the two ZEPLIN detectors

that are completely surrounded by 642 hexagonal PMT’s [65]. A prototype with about
100 kg has already demonstrated the feasibility and working principle. It is the only
collaboration to use a single-phase detector.

Neutrino-less double-beta decay

The double-beta decay consists in the simultaneous emission of two beta rays by a
nucleus. It is the rarest known nuclear process, with the longest half life (in the order
of ~ 10" — 10%! years). It is only observable when the single beta decay is forbidden or
strongly suppressed. According to the Standard Model the conservation of the lepton
number requires also the emission of two anti-neutrinos [9]

A(Z,N) - A(Z+2,N—2)+2 +27 (1.4)

The zero neutrino double beta decay (0v2p) is not possible according to the Standard
Model as the lepton number is not conserved. Nevertheless this decay can exist if
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Figure 1.5: Feynman diagram of the double-beta decay with the emission of two neu-
trinos (A) and the neutrinoless emission (B).

the neutrino has non zero mass and it is a Majorana particle (the neutrinos and anti-
neutrinos are the same particle). The emission will occur at a single well-defined en-
ergy, Q, which corresponds to the total energy emitted in the process. The mass of
the neutrino can be measured as it is proportional to the square of the event rate [31].
The Feynman diagrams of the double beta decay with/without neutrino emission are
shown in the figure

In a xenon detector the double beta decay can occur for the xenon isotopes 24Xe,
134Xe, 136Xe thus the detectors need to be enriched in these isotopes. The energy re-
leased in the process of double beta decay of **Xe is about Q = 2479 keV. The lifetime
is larger than 10?? yr for the 2B2v decay [66]]. Such a rare process requires that the back-
ground of the experiment to be highly reduced and under control. Two detectors are
being projected for the detection of this decay, the EXO and the NEXT experiment.

The EXO experiment (“Enriched Xenon Observatory”) is a two-phase detector en-
riched to 80% of the isotope 13Xe that will be assembled in the WIPP (Waste Isolation
Pilot Plant) in New Mexico [67]]. Two different detectors will be constructed; EXO-200,
a 200 kilogram prototype aims to provide a competitive limit in the neutrinoless beta
decay. The knowledge acquired in this prototype will be used in the next phase, a ton
scale experiment. In the EXO-200 detector the scintillation light is read by 258 bare large
area avalanche photo-diodes. The liquid is surrounded by thin PTFE sheets supported
by acrylic pillars.

The NEXT experiment (“Neutrino Experiment with Xenon TPC”) is being projected
as a time projection chamber with 10 kg of xenon pressurized at 5-10 bar. The chamber

will be assembled at the Laboratorio Subterraneo de Canfranc (LSC) in Huesca (Spain)
[68]. It is possible that this experiment will make use of PTFE in its interior surfaces.

IPrivate communication
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Charged lepton flavour violation

The charged lepton flavour violation corresponds to the decay of a more massive
charged lepton into a less massive charged lepton with no conservation of the lepton
number. This process is only possible for a massive neutrino, however according to the
Standard Model the branching ratio of these decays is very small (~ 10~°") and cannot
be observed within the current experimental limits [10]. Nevertheless, the supersym-
metric theories predict a much greater branching ratio ranging between 10~ — 10714,
meaning that y — ey could be observed within the current experimental limit.

The MEG (Muegamma) experiment, currently in preparation, aims to search for the
decay u — ey [69]. A 900 liter liquid xenon detector equipped with 846 PMT’s placed
around the active volume is being projected [70]. The photomultipliers are embedded
in an aluminum structure. It will use the DC muon beam of the Paul Scherrer Institut
(PSI) in Zurich, Switzerland. The key requirement for this detector is a high energy
resolution of the gamma rays. The construction of this detector has been completed
and data taken in 2008 have yield an upper limit in the branching ratio y™ — ety <
3.0 x 1071 (90% C.L.) [71], additional improvements are being made aimed to lower
this value.

Gamma ray telescopes

A gamma ray telescope capable to observe and study the several gamma ray sources
that exist in the universe such as supernovas, star formation, the distribution black
holes or the nucleosynthesis. It requires a detector with a large field of view, large
effective area, low background and good discrimination due to the small cross-section
of the gamma rays, small source fluxes and lack of focusing optics [72].

The LXeGRIT (liquid xenon gamma-ray imagine telescope) is a time projection cham-
ber with about 10 liters of liquid xenon to image gamma ray emissions between 0.15 and
10 MeV. The detector measures both scintillation and charge produced in the interac-
tion of the y rays with the liquid and is able to measure the position and energy of the
event [73]. The interior surfaces of the detector are in stainless steel, except for the four
ceramic rods supporting the TPC structure.

The LXeGrit was tested in balloon flights in 2000 measuring the background and
sensitivity of the instrument and demonstrating the principle of working [50].

Medical imaging

Liquid xenon detectors can also be used as gamma detectors in positron emission
tomography (PET). This imaging technique uses radio active labeled molecules to im-
age in vivo the biological processes to the medical diagnosis. Typical radio-tracers are
1C, BN, 10 and 8F. The emitted positrons annihilate generating two back to back
gamma rays. These gamma rays are then detected by a structure that surrounds the
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patient. The resolution of these systems in real time is typically some millimeters. The
measurement of the time of flight increases further the resolution of the system being
possible to know exactly the position of interaction measuring the difference between
the arrival of both gamma rays [74].

1.3 Fluoropolymers and their Properties

The structural units of fluoropolymers have as rely on the fluorine carbon bound
(CF). The fluorine atom is more electronegative than the carbon atom and the electrons
are pulled toward the fluorine, making it the strongest bound in organic chemistry en-
dowing these materials with a strong chemical resistivity. The simplest fluoropolymer
is PTFE (polytetrafluoroethylene), which corresponds to a chain of carbon atoms each
bounded with two fluorine atoms. Other fluoropolymers (perfluoroalkoxy, ethylene-
tetrafluoroethylene and fluorinated ethylene propylene ) have other molecules attached
as hydrogen and oxygen. The chemical structure of some fluoropolymers referred to
above is depicted in figure

The polytetrafluoroethylene (PTFE)

The PTFE (Polytetrafluoroethylene) is a polymer produced from the Tetrafluoroethy-
lene with a chemical structure given by C,Fy, (figure [L.6). It was first synthesized by
Roy Plunkett at the DuPont’s Jackson Laboratory in 1938. It is also known as Teflon®, a
trademark of DuPond registered in 1944. It is characterized by a chain of carbon atoms
completely surrounded by fluorine atoms. The molecule has a helix form requiring 13
to 15 units of CF, to complete a 180° twist of the molecule (figure[1.7) [76].
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Figure 1.6: The chemical structure of the monomers (structural units) of the fluoropoly-
mers, PTFE, ETFE, FEP and PFA
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Table III: Properties of the fluoropolymers taken from the manufacturer specifications sheets.

ASTMx PTFE PTFE PFA FEP ETFE
Manufacturer Fluoroseals® GoodFellow® Dupond® Dupond® Dupond®
Refractive index D542 - 1.38 1.350 1.341-1.347 1.407[78]
Solar transmission (%) E424 96 96 95
Density (g/cm3) D792 2.13-2.18 2.20 2.100 2.12-2.17 1.71
Tensile strength (MPa) ' D1457 21-34 25 23 40-46
Flexural modulus (GPa) * D790 0.3-0.8 0.70 0.655 1.2
Coefficient of friction T D189%4 0.07 0.05-0.2 0.1-0.3 0.3-0.4
Melting point (°C) D3418 325-335 302-310 260-280 255-280
Maximum temperature UL746 260 260 205 150
of service (°C)
Water absorption 24h (%) D570 0.01 0.01 <0.03 <0.01 0.007
Water contact angle (°) ¥ 120 [79] 120 [79] 106 [80] 114[81]] 96 [82]

* Standards defined by the American Society for Testing and Materials, the definition of the standards used here can be found in [77]
T Indicates the maximum of the stress-strain curve

! The material is subjected to three-point bending. The specimen is deflected until it either breaks or the outer fiber strain reaches 5%.
1 Static coefficient of friction measured in steel.

¥ Angle in which the water droplet meets the surface, angles larger than 90° indicate an hydrophobic material.
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Figure 1.7: 3D representation of a PTFE molecule. Black spheres represent the carbon
atom, the green spheres represent the the fluorine atom (from [75]).

Table [[II contains the optical, thermal and mechanical characteristics of the PTFE
and other fluoropolymers. As the properties of the PTFE can change with the manufac-
ture, two producers are shown for the PTFE (Fluoroseals® and GoodFellow®). Some
of the properties that make the PTFE an exceptional plastic for use in scintillation de-
tectors are:

a)

b)

d)

High density: the PTFE has a density of 2.15 g/cm? which is higher than the
majority of the plastics whose value is usually placed between 0.9 and 1.4 g/cm?.

Low coefficient of friction: it is the lowest of any polymer known being an attrac-
tive material to be used in lubrication of sliding materials such as gaskets, rings
and bearing for vacuum insulation [83].

High temperature resistance: it can be operated in a wide range of temperatures
between -200°C and -260°C, the melting point is about 330°C, higher than the
majority of the plastics and can be used until 200°C without losing its chemical
and physical properties. The thermal conductivity is very low thus the PTFE can
be used as a thermal insulator.

Chemical resistance: the PTFE is insoluble against almost all chemical solvents
known, acids or bases, due to the strong inter-atomic bounding. However, alka-
line metals as the sodium or liquid ammonia react with the PTFE extracting the
fluorine atoms of the molecule leaving a black surface finish [84].

Low water absorption and low outgassing: it is less than 0.01% in mass in 24h,
a value that is small compared to the majority of plastics, (for example the water
absorption of the POM is about 0.3% in 24h). This is associated with the hy-
drophobic nature of the PTFE molecule due to its fluorine atoms. In fact this is
very convenient, as in the experiments less water will be present to contaminate
the system.
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f)

g

h)

Table IV: Typical levels of radioactive contaminants in the PTFE.

Element Concentration in mass
40K (1.65+0.17) x 10~°?
22Th < 035 x 10712
8y < 0.35 x 10712

Measurements to the PTFE TE-6472, a PTFE developed by Dupont
with a high purity standard (measurements performed by the EXO
collaboration [67]).

Low adhesion: PTFE has an extremely low adhesion as shown by its high contact
angle with the water [85]. This effect is increases when the roughness of the ma-
terial increases [86]. This is an important property in a xenon detector to obtain a
clean surface.

High reflectance: Due their high reflectance the PTFE has been used as coating
layer in integrating spheres and calibration standard for on-board sensors on
satellites in remote sensing [87]. Both the PTFE and the human skin are mainly
diffuse materials. Thus the PTFE has been used in biological studies as a probe
for the study of the diffuse reflectance of the skin [88,89].

Low radioactivity: PTFE shows very low level of long-lived radioactivity, par-
ticularly 232Th, 238U and K. When the cosmic rays interact with the PTFE and
other plastics they generally will not produce long-lived radioactive isotopes as
in many of the metals. Table[[VIsummarizes the level of radioactivity for the PTFE
measured by the EXO collaboration [67].

The use of PTFE in the scintillation chambers brings however some disadvantages
relatively to other materials such as metals.

a)

b)

Non electrical conductivity: Due its low conductivity in the double-phase config-
uration it can trap some ions reducing their mobility and thus decreasing the ef-
fectiveness of the charge collection. In the ZEPLIN II experiment it was observed
an unexpected population of events due the migration of the radon daughters to
the surface of the detector. Small energy deposits of some keV that occur in the
PTFE can mimic a nuclear recoil increasing the background of the measurement
[63].

Radiation resistance: The PTFE is sensitive to ionizing radiation, as it is able to
break the PTFE chains reducing its molecular weight [90].
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¢) Production: the PTFE cannot be produced by melt-process techniques because
the melted PTFE has a high viscosity (about 10 GPa-s). Alternative processes are
used however they are more expensive.

d) Wear Resistance: the PTFE is plastic relatively soft having a poor weatl] resistance.
This can cause leakage in the seals thus effectively reducing the vacuum quality
[91] .

The structure of the PTFE

PTFE is a two-phase system composed of crystalline and amorphous domains [92].
In the crystalline domains the PTFE chains are ordered, they are folded back into them-
selves and stacked in lamella as depicted in the figure[[.8 In the amorphous phase the
PTFE chains have no particular orientation. The degree of crystallinity, defined as the
ratio between the crystalline and the amorphous domains, depends of the manufacture
of the PTFE and affects the mechanical and optical characteristics of the PTFE.

The PTFE shows a low index of refraction due the high fluorine content inducing a
low polarizability in the material. For a totally amorphous PTFE the index of refraction
in the visible spectra is about 1.29 [94]. This corresponds to one of the lowest refractive
indexes of the organic polymers. However, the crystalline domain has a larger value
of 1.4 [95]. Thus the index of refraction of the PTFE depends generally of the degree of
crystallinity of the material. Usually it is not possible to inhibit the crystallization of the
PTFE completely and values between 1.325 [96] and 1.38 [97] are reported for the index
of refraction in the visible spectra.

In the visible spectra the index of refraction is weakly dependent of the wavelength.
As observed by [98] for a PTFE layer of 1 ym the index of refraction decreased from
1.38 to 1.37 when the wavelength increased from 350 nm to 1000 nm.

A
f\
r\ n

chain

PTFE lamella

Figure 1.8: Structure of a crystalline domain in a polymer (adapted from [93])

IErosion of the material by the action of another surface

23


/home/claudio/ab/ptfe_crys.eps

1. ON THE LIQUID/GAS XENON SCINTILLATION DETECTORS

The index of refraction of the PTFE is also dependent of the thickness of the PTFE
layer, for the thicker materials it is observed a larger index of refraction [98]].

Production of PTFE

There are two methods of production to obtain the PTFE from the fluoroethylene
(TFE), the suspension polymerization used to produce granular PTFE and the disper-
sion polymerization [99,100], “in which” resulting PTFE is a milky paste used to pro-
duce dispersion and fine power used in coatings [101]]. In both cases the PTFE is poly-
merized in water in the presence of an initiator.

Suspension Polymerization In the suspension polymerization process the gaseous
TFE is piped into a reaction chamber filled with water, an initiator (ex. ammonia) and
also a very small amount of a dispersion agent (ex. perfluoroalkanoic acid salts) [99].
The solution is vigorously agitated, the TFE will polymerize into PTFE and form solid
grains in the surface of the liquid that are collected.

The product obtained, called granular PTFE, has a high molecular mass and a high
crystallinity level (about 92-98%) [102]. The processing of the PTFE is more difficult
than in the majority of the materials, above 320°C the PTFE becomes gel like, it is highly
viscous and melt process techniques cannot be used. At temperatures above 400°C the
bound C-F starts fracturing and the material decomposes.

Dispersion Polymerization In the dispersion polymerization the concentrations of the
initiator and reaction agent are much higher than in the suspension process. The agi-
tation comparatively to the suspension process in usually milder. The result is a milky
paste having grain dimensions much smaller than obtained by the suspension method.
This form of PTFE is usually used for coating and cannot be molded.

The PTFE finishing

The granular PTFE produced by suspension polymerization is then converted in the
final product that is available commercially which can be sheets rods, tubs or tapings
etc. In principle, these processes can result in different optical properties of the final
product.

Molded process ~ The molded process consists of three different steps, performing, sin-
tering and cooling. In the first step the material is introduced in a mold and then loaded
into a hydraulic press, the typical pressures applied range from 200 to 300 bar [103].
Then it is introduced in a sintering oven and is heated above the crystalline melting
point of the PTFE (360-380°C) [103], the PTFE particles coalesce resulting into a strong
homogeneous structure. The cooling determines some of the properties of the PTFE.
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Table V: Domain size of the PTFE cooled at different cooling rates

Cooling Rate Crystallinity Domain Size Density
(°C/min) (%) (nm) (g/cm?)
Quenched in ice water 45 111+33 2.138
2 53 160+49 2.146
0.48 58 144+50 2.156
0.12 65 18584 2.192
0.02 68 2594204 2.205

This table was adapted from [92].
T The domain size corresponds to the approximate size of the crystallites.

The crystallinity, the domain size and the density of the material increase when the
cooling rate decreases (see table[Y)). At a cooling rate of 4°C/min the crystallinity ob-
tained is minimized and does not decrease for higher cooling rates. The crystallinity of
the material also changes with the stress applied during the manufacturing, decreasing
with increasing the strain applied.

Skived PTFE  The skived process consists in cutting the billets produced in the molded
process with a sharp cutting tool into small thin layers or the desired thickness. The
layers produced with this process have a typically thickness ranging from 25 um to 3
mm [102].

Extruded PTFE In the extrusion process the PTFE powder is blended with a lubri-
cant and then pre-compressed at about 0.7-2.0 MPa. It is then placed in the extrusion
cylinder and pushed slowly through a heated die with a cylindrical form. The effect
of temperature and pressure generates a continuum extrudate with a rod or tube form
[104].

This process can in principle introduce different reflecting properties (specifically
index of refraction) along direction of extrusion and across the direction of extrusion.

Expanded PTFE  Expanded PTFE is produced by injecting air during the manufactur-
ing process. This produces a soft and very flexible material with mechanical characteris-
tics remarkably different from the PTFE produced with other processes. The expanded
sample has a porous micro-structure that is about 50% air by volume. This product can
be used in gaskets, membranes etc. [105]. It has a special use in biomedical applications
because it has mechanical properties compatible with the biological tissues and is inert
[106].
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Filled PTFE compounds The addition of particles during the PTFE production, fillers,
improves some physical qualities of the PTFE such as reducing the creep and wear rate
of the material [107]. Some of the common fillers that are added to the PTFE are glass,
carbon and bronze. The glass is added to the PTFE in quantities ranging from 5% to 40%
of the total mass reducing the creep and compressibility of the material. The carbon
fiber reduces creep, increases hardness and thermal conductivity of the PTFE.

The copolymers (PFA, ETFE, FEP)

The PTFE is part of the large family of fluoropolymers. The PTFE is a homopolymer
as it has only one repeating molecule, the tetrafluoroethylene. The copolymers have at
least two different types of constituent species, monomers, that are joined together to
form the molecule of the polymer. The copolymers that are refereed here (FEP, ETFE,
PFA) are all produced by melt processing techniques. They all are transparent when
they are illuminated by visible light, the ETFE has the largest optical clarity and can be
used as replacement of the glass.

The fluorinated ethylene propylene (FEP) The fluorinated ethylene propylene (FEP)
is produced from the tetrafluoroethylene and hexafluoropropylene. The FEP was pro-
duced as an alternative to the PTFE as it can be manufactured by melt processing tech-
niques [76]. It has however a reduced thermal stability and a lower temperature of
service, this is caused by the introduction of the methyl group which acts as a defect
in the crystallinity of the material and reduced the melting point [102]; it reduces also
the index of refraction relatively to the PTFE. It is a relatively soft thermoplastic with
lower tensile strength, wear resistance, and creep resistance than many other engineer-
ing plastics. FEP is also known to have a good resistance against the UV radiation [108].

The perfluoroalkoxy (PFA) The PFA (perfluoroalkoxy) also known by the trade-name
of Teflon®, can be produced by melt-processing and has the same upper temperature
of service as the PTFE. It is a copolymer formed from the tetrafluoroethylene and fluo-
roacetylene (CF,CFOC3F7). However these two mers are not added in the same ratio.
For each fluoroacetylene there is about 100 tetrafluoroethylenes.

The ethylene-tetrafluoroethylene (ETFE) The ethylene-tetrafluoroethylene (ETFE) is
a copolymer formed from the tetrafluoroethylene and ethylene. It is known by the
trademark Tefzel®, of DuPont. It is a mechanically stronger polymer relatively to the
PTFE, however due the presence of the hydrogen molecule it has a lower chemical
resistance, lower temperature of service and higher coefficient of friction. They have
also a poor resistance to crack at higher temperatures. The ETFE is an amorphous
material, however the presence of the hydrogen molecule in the polymer increases the
refractivity of the material [92], [109].
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1.4 The Reflectance of the PTFE - Summary of the Published
Measurements

The PTFE has a high reflectance at the visible light, this is mainly caused by diffuse
reflection. This corresponds to the light that is transmitted to the PTFE, scattered in
the material inhomogeneities and transmitted back to the first medium. For diffuse
materials, such as the PTFE, the method usually used to measure the reflectance are the
hemispherical methods (appendix[A). These methods make use of a total integrating
sphere coated with a “perfect” diffuse material used to gather the light into the photo-
detector. As we can observe from the figure[I.9two openings are necessary , one for the
beam entrance and another for the sample [110]. The coating that is usually used due
its high reflectance in the visible spectra is the PTFE [111]].

This is the best method to measure the directional-hemispherical reflectance at fore-
hand without the need to introduce any model to perform the integration. However
it is not possible to obtain with this method the BRIDF (bidirectional reflectance inten-
sity distribution function, see appendix [Al), which is the basic quantity to describe the
reflection distribution. Even with a light trap is not possible to separate the specular
from the diffuse reflection due the broadening of the specular component in samples
with some level of roughness. Moreover, below 200 nm the reflectance characteristics of
most materials that are used as coatings in the integrating spheres, including the PTFE,
are not well known.

Diffuse Coatin

Photo-detector

Reflécted Light

sample

Figure 1.9: Schematics of a total integrating sphere [112, [113]. The light (I) enters
through an opening and is scattered by the sample. The diffuse coating collects the
light into the photo-detector shown in the figure.
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Detector

Position A

Position B

Figure 1.10: Schematics of an angle-resolution scattering system. The photo-detector is
placed at different positions where the reflected flux is measured. The incident beam is
measured either raising the sample or using a beam splitter.

Thus instead of a hemispherical method a bi-conical method (also called angle-
resolution scattering method, ARS) will be used. Such a system is exemplified in the
figure[.10l In this method both the sample and the detector rotates changing the angles
8; and 0,. For each angle of incidence of reflectance the reflected intensity is measured.
The incident flux is measured by either removing the sample or using a beam splitter
[113]. The ratio between both quantities corresponds to the bi-conical reflectance.

Measurements over 200 nm

The reflectance of pressed PTFE powder was exhaustively studied by the Opti-
cal Technology Division of the National Institute of Standards and Technology (INIST)
[3],[115] with the aim to use this material as a diffuse reflectance standard. The hemi-
spherical reflectance of pressed PTFE powder was measured for wavelengths between
200-2500 nm. These measurements were performed in several laboratories in two dif-
ferent rounds. In the first round-robin it was observed that the PTFE is affected by the
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Figure 1.11: Pressed PTFE power directional hemispherical-reflectance (6°) as a func-
tion of the wavelength for the NIST measurements [115]. The directional hemispherical
reflectance (8°) of two reflectance standards Spectralon®[116] and Fluorilon® [117] is
also shown in full lines.

density of the pressed powder. The maximum of reflectance was obtained for densities
between 0.8 and 1.2 g/cm? [3].

In the second round-robin the density of the samples was restricted to 0.80-1.08
g/ cm®. The directional-hemispherical reflectance (9;=6°) obtained as a function of the
wavelength is shown in figure [LTTl Each point is the average of the reflectance of 16
samples measured in nine different laboratories. The results show the high reflectance
of the PTFE (about 99%) for light of wavelength between 350 nm and 1500 nm. The
reflectance decreases in the ultraviolet, not withstanding the fact that the uncertain-
ties increase. At 200 nm reflectance of the PTFE is about (93 + 4)%, suggesting even
smaller values in the VUV region. The results also show a decreasing in the reflectance
at wavelengths larger than 1500 nm, however this effect is smaller than the decreasing
observed in the ultraviolet region.

Addicionaly, in the figure [L.11]it is also shown the reflectances for two reflectance
standards Spectralon® and Fluorilon® as function of the wavelength.

The Labsphere’s Spectralon® is a special pressed PTFE designed to have a high
reflectance, it has the highest hemispherical reflectance of all materials known in the
visible light. The value of the hemispherical reflectance is above 99% from 400-1500
nm although it decreases however significantly in the UV. Another special PTFE grade
known for its high reflectance is the Fluorilon®. The blue curve in the figure [.TT] rep-
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resents the hemispherical reflectance of the Fluorilon® [117], it has a good reflectance
(about 99%), however smaller than the results obtained by the NIST. Both Spectralon®
and Fluorilon® are used as standards in reflection measurements.

Measurements in the VUV region

The Alvensleben Laser Zentrum Hannover has measured the reflectance of the PTFE
between 120 and 220 nm using a total integrating sphere [4]. The results obtained are
shown in the figure [1.12] for the Spectralon PTFE and for a type of PTFE not specified.
As shown the reflectance decreases slowly between 220 and 175 nm for both samples
of PTFE, then it decreases sharply due the absorption edge of the PTFE.

The hemispherical reflectance at the wavelength of the scintillation of xenon is about
73% for the Spectralon, and 56% for the PTFE. These values are even smaller compara-
tivelly to the visible light.

These authors also measured the bi-conical measurements for an angle of incidence
of 5° and they observed that both the PTFE samples show a lambertian behaviour only
above the absorption edge.

The absorption spectra of the PTFE is shown in figure[.I3] The PTFE has a strong
absorption at 161 nm, at lower wavelengths it is observed a rising structure with fine
structure at 133 nm, 124 nm and 115 nm [118]. A weak absorption tail is observed
between 175 nm and 240 nm which explains the decreasing of the reflectance of the

_ . Spectralon

PTFE ]

7160 170 180 190 200 210 220

\Wavalanath (nm)
waVeiengti-(niny

I

120 130 140 150

ao

Figure 1.12: Hemispherical reflectance of the PTFE and of the Spectralon® in the VUV
region of the spectrum (results obtained by [4]).
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Figure 1.13: VUV Absorption spectra for the PTFE measured using a H, discharge

lamp. The values obtained are only relative. The resolution of the system is 0.96 nm.

The spectra has a absorption peak at 161 nm and fine structures at lower wavelengths
(b-d). The data taken by [118].

PTFE mentioned above.

The reflectance distribution of the PTFE was reported by S. Bricola et al [119] for an
angle of incidence of 45° at 172 nm. They observed both a specular and a diffuse com-
ponent with the root mean square of the specular lobe being about 14°. Nevertheless
the intensities of both components were not reported.

The study of the fluorescence

It is well reported that the PTFE can show some fluorescence when it is illuminated
by ultra-violet radiation [120]. When the material is heated at moderate temperatures
(90°C) and kept in vacuum conditions the fluorescence decreases [121]], thus the fluo-
rescence is not caused by the material itself but from contaminants. These contaminants
can be added during the manufacturing or by exposing the material to contaminants
after-wards. As spectroscopic analysis of the PTFE fluorescence showed to be compat-
ible with polycyclic aromatic hydrocarbonets, these substances can be absorbed by the
PTFE and like the PTFE fluorescence they show an absorption band between 200 nm
and 300 nm and an emission band between 250-400 nm. The fluorescence of the PTFE
has a large effect in a integrating sphere where the light can be reflected several times
within the sphere. Thus the integrating spheres with PTFE are not usually used below
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300 nm.

In scintillation detectors these substances have also another undesirable effect, they
can contaminate the gas or liquid affecting its efficiency. Thus to clean the PTFE the
material should be heated at about 90°C and kept in vacuum (10~ mbar) during about
two days [122]. We do not have any information about how the material behaves at
higher temperatures. If the detector cannot be heated at these temperatures, this pro-
cedure should be done first before the assembly of the detector, then it should be kept
in a air tight vessel such a glass vessel. Plastic containers are not recommended as they
can contaminate the PTFE.

VUV degradation

It is also known that the reflectance of the PTFE decreases significantly when it is
exposed under intense ultra-violet radiation. This is more significant at lower wave-
lengths. At 200 nm it was observed a decreasing of about 15% when the PTFE was
exposed under intense VUV radiation during about 90 h [123]. This is caused by the
carbonification of the surface layers of the PTFE films. The carbonification occurs due
the removal of the chemical bond between the carbon and fluorine atoms, thus increas-
ing the groups CCF and CCF, [124]. A special care should be taken when mercury or a
xenon discharge lamp are used in a detector with PTFE. It was also observed that the
reflectance of the PTFE decreases even under low-level radiation when the material has
been stored during long time [125], this effect mainly occurs in the short wavelength
range.
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CHAPTER 2

The Goniometer for the Reflection Measurements

Many materials exhibit both specular reflectance concentrated along the specular
direction and a diffuse component arising from the internal scattering in the material.
This component is usually weakly dependent of the viewing directions. We should
be able to measure these two components with a single apparatus, however they have
different experimental requirements, a larger field of view detector for the diffuse com-
ponent and a small field of view detector for the specular component. A goniometer
to measure the reflectance is in principle a good compromise to detect efficiently both
components enabling to measure the BRIDF over different incident and viewing direc-
tions. A detailed description of the goniometer constructed to the reflection measure-
ments is described in this chapter.

The scintillation light used in the reflection measurements is produced in a propor-
tional counter filled with gaseous xenon that was placed inside a vacuum chamber. The
emitted light is collimated in its way to the sample, where it is reflected /refracted and
eventually detected by a photomultiplier (see figure 2.3)). The observed background is
effectively reduced using the charge signal collected in the proportional counter as the
trigger signal. The photon intensity is measured in a photon counting mode. Both the
sample and the photomultiplier can be positioned independently, thus changing the
angle of incidence and reflectance, respectively. Both the data acquisition and the posi-
tioning of the PMT and the sample are automated by means of a computer program.

The xenon scintillation light is highly attenuated by an oxygen atmosphere, thus a
vacuum chamber large enough to include both the goniometer and the light source was
constructed providing a controlled environment to the experiment.

The description of the set-up described in this chapter was published in NIM-A
[126].
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2.1 The Chamber

The scintillation from the xenon (second continuum) is placed in the vacuum ul-
tra violet region. This region is placed below 205 nm where the light starts to be ab-
sorbed by the oxygen. Between 175 nm and 205 nm the absorption is dominated by
the Schumman-Runge band system. These bands correspond to the transition between
two triplet states of the oxygen molecule O,, X3¥2 — BSZg [127]. At these wavelengths
the absorption cross section is highly dependent of the wavelength as observed in the
figure 2.I1 The Schumann-Runge continuum starts at 175 nm and extends up to 125
nm. In this region the light is highly attenuated by the oxygen. For the xenon scintilla-
tion wavelength the absorption coefficient in the atmosphere is highly variable and can
change between 0.1 cm~! and 100 cm~!. Thus the experiment needs to be placed in a
controlled environment without oxygen.

Hence, to study the reflection of this light we designed and built an air tight cham-
ber which provides the controlled environment needed for the measurements. The top
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Figure 2.1: Dependence of the absorption coefficient in air with the wavelength for the
temperature of 300 K and pressure of 1 bar. The Schumann-Runge bands were calcu-
lated using a polynomial fit obtained by K. Minschwaner et al 1992 [128]], the values for
the Schumann-Runge continuum were obtained by K. Yoshino et al 2005 [129].
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(a) Plane view of the vacuum chamber. The gas system is also shown.
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(b) Front elevation view of the vacuum chamber

Figure 2.2: The layout of the chamber used in the measurements viewed from the top
a) and bottom b). CF and KF stands for ConFlat and Klein Flange respectively.
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Figure 2.3: Cross sectional view of the chamber showing the breadboard and the optical
system (goniometer) fitting inside.

and front views of this chamber are shown in the figure The chamber has inner
dimensions 820 x 370 x 226 mm? (length x width x height) so that the optical system (go-
niometer) can fit inside.

The chamber walls are made of 5 mm thick stainless steel reinforced with a lateral
structure to increase its mechanical resistance. The top and bottom are made of alu-
minum 14.5 mm thick for easier handling. The joints of the cover and bottom of the
chamber and of the flanges are sealed with a O-rings.

The chamber is equipped with 4 KF flanges (all with an inner diameter of 35 mm)
and 3 CF flanges (figure 2.2(a)). The KF-2 is used to connect to the gas system, i.e.
to extract gas from the chamber with a vacuum pump and to introduce argon in the
chamber’s volume. An electrical feed-through with 4 pins was passed through the
flange KF-4. It carries i) the high voltage to the proportional counter; ii) the high voltage
to the PMT and iii) the signal from the PMT. The signals to the step-motors and from the
stop sensors pass through the flange KF-1. The flange KF-3 was to connect a pressure
sensor (Convectorr E-type).

Two of the CF flanges placed in the lateral walls have 92 mm of inner diameter. The
flange CF-1 is placed right in front of the sample and was equipped with a polyethylene
fitting to monitor the status of the experiment, so that in a case of a problem inside the
chamber it would be possible to identify the cause without having to open it. The flange
CF-2 was included to permit the coupling of a monochromator. However this was not
used along this work.

The flange CF-3 placed at the top of the chamber has 100 mm inner diameter and
was placed right above the surface sample and whereabouts. It is used to have access
to the chamber without removing the cover of the chamber.

An aluminum breadboard 5 mm thick with dimensions 810 x 360 mm? was intro-
duced at the chamber’s bottom. This board was perforated with tapped holes and in-
serted in a squared grid with a pitch of 35 mm. All the optical elements are assembled
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2.1 The Chamber

(a) VUV Light Source placed outside the vacuum chamber

(b) Optical elements assembled to the breadboard without the black paper cover: A VUV
light source, B stop sensor, C iris diaphragm, D PMT stem, E surface support, G stepper
motor, | PTFE Sample

Figure 2.4: Pictures of the optical components placed inside the chamber. a) the pro-
portional counter used to produce VUV light and b) some optical elements as indicated
above.
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Figure 2.5: Top view of the optical system used in the experiment placed inside the
vacuum chamber.

in this breadboard. The board is supported by four legs 1 cm above the floor, disposed
symmetrically on the bottom vacuum chamber but not attached to it (see figure 2.3).
Thus, the distortions of the chamber caused by vacuum or high pressures are not trans-
mitted to the optical system assembled in the board. All the wires that are needed
pass between the board and the bottom of the chamber and do not interfere with the
measurement.

To reduce the random light background, the inner walls of the chamber and most
of the pieces of equipment were covered with black flocked self-adhesive paper with
low reflectivity (Thorlabs BFP1) . Due to its textured matte black surface this material
was found to be a better light trap than applying a black paint directly to the surface.
For incident angles near 90° relative to the normal the light is absorbed due the flocked
nature of the material [130]. Being self-adhesive this paper can be easily removed if it
is needed. The fibers of the paper do not shed, dust or lint thus it is possible to use a
vacuum pump and maintain the chamber cleanness.

The optical system which was attached to the breadboard is depicted in figure
Figure [2.4(b)| shows the optical system during the assembling, still without the black
paper cover and the PMT. The details of the optical system will be given in the next
sections.

38


fig/esquema.eps

2.2 The VUV Light Source

2.2 The VUV Light Source

The VUV light of the xenon is produced in a small cylindrical proportional counter
with an internal diameter of 40.0 mm and a titanium anode with diameter 0.5 mm, filled
with gaseous xenon at 1.1 bar. The central anode is separated from the cathode wall by
a 5 mm thick slab of PTFE. A picture of the proportional counter is shown in the figure
and the working principle is depicted in the figure

An Y'Am source with an activity of 0.74 GBq (20u Ci) is placed in the PTFE base,
at a distance of 15 mm from the central anode. The source has a circular shape with a
diameter of 2 mm. It emits 5.48 MeV a-particles with an half-life of 432.6 years [131]
along the counter volume. The flux of a-particles is collimated by a 1 mm diameter
hole across the PTFE reducing the rate of alpha particles that can be detected to about 1
kBq. These alphas are emitted almost parallel relatively to the anode of the VUV source
and loose energy through excitation and ionization of the gas atoms yielding primary
scintillation and electron-ion pairs. The range of the particles at 1 bar and 20 °C is

Stainless steel cathode
D .
" -
£ =! 2 vuv S
= 2 2 secondary =
o Sa) o) scintillation o
: [ < e
: £ < 2
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P g l s
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Figure 2.6: Light emission process inside the VUV Light Source. The « particles are
emitted by an americium source and are collimated by a hole of 1 mm diameter per-
forated in the PTFE. The « particles lose energy by producing charge (electrons) and
primary scintillation. The electrons produced along the alpha track drift under a cylin-
drical field towards the anode emitting secondary scintillation.

39


fig/Lampada_interior.eps

2. THE GONIOMETER FOR THE REFLECTION MEASUREMENTS

about 24 mm deposited mainly at the end of the particle’s path (dE/dx o« E~1, [132]).
The number of photons created in the primary scintillation is given by E,/Wp, where
E, is the energy of the alpha particle and W, the average energy to produce a photon
of scintillation. Given that W, ~35-50 eV for the gas at 1 bar and without electric field,
the number of photons produced in the primary scintillation per each alpha particle is
between 100,000 and 150,000 [35].

Under an applied voltage between the anode and the cathode, the electrons in the
gas are extracted from the a-tracks and do not recombine. They drift along the field
lines, accelerate and produce secondary scintillation by the anode wire. The electric
field is axial and varies according to

Vi Vv
E= ln—r_CEV/Cm/bar ~ mV/cm/bar 2.1)

a

where p is the axial coordinate, r, =20.0 mm is the internal radius of the proportional
counter and 7, =0.25 mm is the radius of the anode. The typical voltage applied be-
tween the anode and the cathode is about 1350 V.

The xenon gas has a low efficiency for the multiplication of the charge compara-
tively to the other rare gases. The charge multiplication is only observed for fields
larger than 6 kV/(cm-bar) and only significant for fields larger than 14 kV/(cm-bar)
[133, 134]. The electric field over the anode surface (at p = 0.25 mm) for an applied
voltage of 1350 V is about 12 kV thus the charge multiplication can be neglected.

The charge collected by the anode was measured for different potentials applied to
the VUV source. The histogram for the charge collected by the anode is shown in the
figure 2.7 for three different voltages. At 1350 V the distribution is peaked at 50,000
electrons with a FWHM of 11,000 electrons. This value increases slightly for larger
fields being about 52,000 for 2000 V. The observed increasing can be attributed to charge
multiplication near the anode. The value obtained for the ionization yield is W; ~ 110
eV which is significantly higher comparatively to the expected value of 21 eV shown in
table [T of the chapter/Il

Although the electric field changes with p, the electron drift velocity remains fairly
constant. For an applied voltage of 1350 the drift velocity is ~0.8 mm/us for p=1.5
cm and ~1.3 mm/us for p=0.1 cm, thus the electrons take about 20 us to arrive to the
anode. All the electrons drift almost the same distance due the fact that the alpha track
is parallel with the anode, thus they arrive to the anode almost at the same time.

According to the several measurements ([135], [136]) of the secondary scintilla-
tion of xenon the scintillation is only produced for a reduced field larger than 800
V/(cm-bar) at 1 bar, which for an applied voltage of 1350 V corresponds to a region
less than 4.0 mm from the anode wire. The number of photons created by single pri-
mary electron per unit path (dn/dp) is proportional to the electric field [137], following

the semi-empirical formula
dn 1

dp = (aE —b) photons (2.2)
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Figure 2.7: Number of electrons collected by the anode wire per alpha particle for three
different voltages applied.

where E is the electric field in kV/cm and P the pressure of the gas in bar. 2 and b are the
parameters of the linear regression, there exist some disagreement in these parameters
attributed to different gas purity levels. The measured values for a range from 70 to
140 photons/kV and for b are between 56-116 photons/kV (a detailed review of these
measurements can be found in [138]). The light gain g is given by the integral

Tt dn
= g 2.3)
where r; is the distance from the anode where the light starts to be emitted and is given
by r = V/log (r¢/1,). This integral is solved using the equation 2.I]resulting in a light
gain between between 40 and 80 for a voltage of 1350 V.

The photons emitted by this proportional counter exit through a 5 mm thick fused
silica window with an internal diameter of 40 mm. According to the manufacturer
(Neyco®) the light starts to be attenuated at about 200 nm [139] and below 160 nm the
light is highly attenuated by the view port. Thus, it is expected that part of the light
produced in the proportional counter is absorbed at the exit window.

The photons created inside the light source are refracted into the fused silica win-
dow and then refracted into the chamber volume, reducing the light intensity in about
13%. Only the paraxial photons pass throw the two iris diaphragms placed in front
of the window. Thus the light beam should remain unpolarized even after the two
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Figure 2.8: Number of photons per alpha particle emitted by the VUV source as func-
tion of the voltage applied. The light source is placed outside the chamber in front of
the photomultiplier. Between the photomultiplier and the source we have introduced
a collimator with a diameter of 1 mm.

refractions.

The anode signal is used to generate a gate in coincidence with the photons and
only those collected during this period of time are considered for further analysis. The
amount of charge signals in a certain time interval is proportional to the activity of the
americium source. The number of these signals was about N ~ 1,000/s.

Figure[2.8/shows the number of photons per alpha particle detected by a photomul-
tiplier placed at about 5 mm from the window of the proportional counter. The emitted
light is collimated with a pin-hole with 0.5 diameter. It was observed that the secondary
light starts to be observed for an applied voltage of 350 V, and increases linearly with
the increasing of the applied voltage.

2.3 The Beam Collimation

To assess the bidirectional reflectance (see appendix[A]) one needs to know the direc-
tion of the incoming light. As previously mentioned the light is produced isotropically
all along the anode wire of the proportional counter. The collimation of this light is
achieved through two iris diaphragms placed along the light beam between the source
and the sample to be illuminated, at about 80 mm from the sample and at about 50 mm
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Figure 2.9: Collimation of the light emitted by the proportional counter. The two iris are
placed between the sample and the VUV light source. The dashed lines represent some
possible directions of the emitted photons from primary and secondary scintillation.
a) the light is absorbed by the pin hole in front of the VUV light source b) the light
has not the right direction to pass through the first pin hole c) the light emitted by the
primary scintillation does not have the right direction to pass though the second iris d)
the light is emitted to far from the anode and does not have the right direction to pass
through the second iris e) the light reflected by the PTFE diffuser does not have the
right direction to pass through the second iris. Only the photons emitted at a distance
from the anode below 3.2 mm are able to pass through both iris.

from the proportional counter respectively (see figure[2.5).

Each iris has an external diameter of 1.20 in and aperture variable between a mini-
mum of 0.8 mm and a maximum of 12 mm. The aperture of the iris near the propor-
tional counter was about ~2.5 mm. As for the aperture for the iris near the sample we
used a smaller hole (between 0.8-2.0 mm).

The light can be reflected in any surface and be detected by the photomultiplier,
not necessarily at the wanted sample. To prevent this to happen a tube covered with
black flocked paper (inside and outside) was placed between the view port of the pro-
portional counter and the second iris diaphragm (see figure[2.9), so that the light could
only escape to the chamber through the second iris diaphragm. Additionally the exit
window was covered with black paper with a 20 mm diameter hole at the window
centre.

Figure shows the intensity of the light beam as function of the applied voltage.
The dependence is no longer linear as observed in the figure When the applied
voltage is increased the light starts to be emitted further away from the anode wire. For
values larger than a certain distance from the anode (at about 3.2 mm assuming an aper-
ture of the iris diaphragms shown in the figure 2.9) the light is no longer able to pass
through both pin holes. The dashed line corresponds to the estimated efficiency of de-
tection as function of the applied voltage. This efficiency is defined as the ratio between
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Figure 2.10: Incident flux as function of the voltage applied in the proportional counter.
The PMT is placed inside the chamber in front of the incident beam. The apertures of
the iris diaphragms are 2.5 mm diameter for the iris near the proportional counter and
2.0 mm diameter for the iris near the sample. The dashed line represents the efficiency
of the photon detection, for a specific applied voltage. The efficiency (E = 1) is obtained
when all the photons are generated in the anode at a radius of p = 0. For higher fields
the photons that are generated far from the needle and can not be detected. To compute
this effect it is assumed the empirical law dn/dp = 70E — 56 (kV/(cm-bar)) to generate
the photons. The distance from the anode in which the photons start to be emitted is
also shown as function of the applied voltage.

number of photons emitted in the electron drift that pass though both pin holes and the
number of photons passing though both pin holes assuming that all photons were emit-
ted at p = 0. This ratio was computed assuming that the number of photons produced
per unit path is proportional to the reduced field (dn/dp = 70E — 56 kV /(cm-bar)) and
that the emission only occurs for reduced fields larger than 800 V/(cm-bar).

The light from the primary scintillation (represented as c in the figure 2.9) is pro-

duced at about 15 mm from the anode and does not have the right direction to pass
through both pin holes, thus can not be detected.
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2.4 The positioning of the Sample and of the Photomultiplier

The beam light impinges the sample with a certain angle of incidence, which hope-
fully can be changed automatically during the experimental procedure. To accomplish
this objective the sample is mounted in a movable structure adapted from a CD player
(figure 2.11). Attached to the structure there is a geared stepper motor with 8000 steps
per revolution which corresponds to 0.045° per step. A drive-shaft transmits the move-
ment to a tooth wheel system which is able to rotate the structure that supports the
sample (figure 2.11). The position of the structure is bounded by two stop sensors,
when the structure arrives to such position a motion sensor stops the movement. The
positions of the stop sensors are such that it is possible to measure angles of incidence
from 0° to 90°.

The stepper motor from the CD player is used to lift and lower the sample. Thus the
collimated light can pass through the structure or otherwise be reflected by the sample.
This vertical movement is also controlled by motion sensors.

The sample is supported by three screws for fine tuning of the surface inclination.
With these screws it is possible to change the angle of inclination of the sample, ¢, rel-
ative to the plane of movement. This structure has been carefully designed to avoid
having any material behind the sample, as this might disturb the measurement of par-
tial or totally transparent materials (e.g. quartz).

The VUV photons are detected by a photomultiplier (PMT) mounted on a moving
stem that can be rotated horizontally around the axis of the sample (see fig. 2.11). The
stem is 235 mm long and is attached to the breadboard with a ball bearing. The stem
was machined in aluminum to reduce its weight though ensuring its strength. The

Figure 2.11: Schematics of the positioning of the sample and PMT.
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movement is controlled by a geared stepper motor with 1480 steps per revolution and
is limited by two stop sensors.

The photomultiplier used in this work is from the R1668 series from the Hammamatsu®.
It has a bi-alkaline photo-cathode with a diameter of 25 mm and a quartz window. The
dark current has a special importance in this experiment as we need to detect a low
number of photons. Thus several PMT’s of the series R1668 were tested and the PMT
with the lowest dark current (with reference ZH2512) was chosen. The manufacturer
did not produce the quantum efficiency curve specific for this photomultiplier. Never-
theless similar PMT’s of the same series have quantum efficiencies of about 23% at 175
nm. Since we are concerned measuring relative values of intensity, the quantum effi-
ciency is not a critical parameter of this study. The photomultiplier is fed with a supply
voltage of +1400 V between the anode and the photocathode, thus the photocathode is
atO V.

In front of the PMT we placed a cylindrical collimator made of black Polyoxymethy-
lene (POM), 17 mm long and 13 mm in diameter attached to a rectangular slit of 2 x
13 mm? that reduces the solid angle of observation.

2.5 The Electronic System

The electronic system can be divided in three main frames, the signal processing of
the charge and light, the stepper motor system control and the data acquisition system.

The signal processing

The diagram of the electronics for the signal processing used in the experiments is
represented in figure

The PMT was operated in the photon counting mode, i.e. the PMT signals were
digitalized through a discriminator and counted. The discriminator rejects the low in-
tensity noise, increasing the signal-to-noise ratio. This mode of operation is more stable
relatively to the analog mode because a small change in the photoelectron’s amplitude
does affect the signal observed. However, it is limited by the PMT resolution and subse-
quent electronics. The resolution of the PMT used has one photoelectron pulse duration
of about 20 ns.

The signals from the PMT are fed into the fast filter amplifier Ortec 579 (integration
constant 7;=20 ns, differentiation constant 7;=20 ns, amplification A=125). The signal
is divided and discriminated by a low level discriminator (LLD) and an upper level
discriminator (ULD). The LLD eliminates signal amplitudes below a certain threshold.
The threshold is adjusted at the single photoelectron amplitude. Then the signal is
digitalized yielding a rectangular pulse ~ 20 ns long. The upper level discriminator
(ULD) was introduced to remove the gliches from the power supply. These signals
are very rare however they are too large and are interpreted by the system as several
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Figure 2.12: Diagram of the signal processing for the PMT and the charge used in the
experiment. PS stands for Phillips Scientific.

photons. Therefore the ULD yields a negative rectangular pulse with 1us long which is
fed into the coincidence unit. The ULD pulse inhibit the formation of the coincidence
signal.

The charge signal from the ionization of the xenon proportional counter is pre-
amplified by a Canberra 2005 pre-amplifier with an integration 50 us. It is then dif-
ferentiated using a RC=3.3 us and amplified by a fast amplifier Phillips Scientific 710.
This signal once discriminated generates a gate 6.0 us wide and with average rate of
about 1000 Hz. The light and charge signals are fed into a coincidence unit generating
a digital output 50 ns wide. This unit generates as many outputs as input pulses re-
ceived within the gate length, as long as they are separated by more than 50ns. This
coincidence signal is fed into a DAQ system and recorded in the computer disk.

Figure 2.13] shows the typical signals observed for the light taken directly from the
PMT and for charge after the preamplifier. In this case the PMT is placed at about 6
cm away from the window of the proportional counter, hence the number of photons
detected is much higher than when measuring the reflectance. It is possible to observe
that the secondary scintillation appears about 3.5 ys after the primary scintillation and
is emitted during about 3 ys.

The photon counting mode does not work under a strong light intensity. The dis-
crimination of the photons in the figure[2.13would lead clearly to photon loss because
there are photons being detected in the same time frame. The system is limited by
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Figure 2.13: Signal from the photomultiplier before amplification and inverted (A) and
the charge collected at the anode of the proportional counter (B) after pre-amplification.
The PMT is placed outside the vacuum chamber at about 6 cm from the proportional
counter.

the time of resolution of the signals that are detected. Let m be the measured count

rate (photons/s) and 7 the time of resolution, the real count rate n is approximated as

follows [140, [141]
m
n= T (2.4)

where m corresponds to the measured rate. However, in this work whenever measuring
the reflectances the number of photons per coincidence signal is actually low enough
(about 0.7 photons per coincidence). When the PMT is aligned with the incident beam
the difference between the real count rate and the measured count rate is about 0.35%
assuming a time of resolution of 50 ns which corresponds to the width of the signal sent
to the DAQ system. For larger values of photon counting the equation 2.4 would have
to be applied to obtain the real number of photons.

Because of the delays introduced by the discrimination of both the photomulti-
plier’s signal and the charge signal some photons (secondary photons) appear before
the charge signal and are rejected by the trigger system. This is caused by the delay
of the trigger signal relatively to the photon signal. However, the delay is not larger
than 100 ns and has no effect in the measurements as we are performing relative mea-
surements and the same fraction of light is lost in measuring both the incident and the
reflected beams. When the photons are counted (the PMT signal after the discrimina-
tor, see figure 2.12) instead of the coincidences it is observed that this number is about
50% larger than the number of coincidences observed. Nevertheless the trigger system
should be used in the signal processing because it reduces significantly the observed
background. In fact it was observed that the background for the number of photons is
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100 times larger than the background for the number of coincidence signals.

The output of the coincidence unit is read by a computer program through a data ac-
quisition card from National Instruments. As the data acquisition is only able to accept
TTL (transistor-transistor logic) signals, the NIM (nuclear instrumentation module) sig-
nals needed to be converted first. It was observed that the number of photons was not
altered in this conversion.

Position control system

To obtain the reflectance distributions it is necessary to change the incident and
viewing direction, which means changing the positions of the photomultiplier and of
the sample. The PMT stem, the sample position and the sample axis are moved by
stepper motors. The stepper motors are very precise as they move in discrete steps
rather than continuously. The position of each step is related with the internal windings
of the motor and do not change with their use. Table [shows some characteristics for
each stepper motors used.

Both the stepper motor of the PMT stem and of the surface structure make use of
a geared system attached to the rotor to increase the precision. These two motors are
both unipolar. The stepper motor which lifts and lowers the sample is a bipolar stepper
motor. They differ in the fact that the unipolar stepper motor has a central tap in each
two windings and the bipolar has no central tap. As a result the direction of the move-
ment in unipolar motors can be easily changed without having to change the direction
of the current, whereas the bipolar motors require the current to be reversed to change
the direction of movement, however a bipolar motor has a larger torque comparativelly
to a unipolar motor with the same weight.

Each stepper motor is controlled by a specific drive (UCN5804B from Allegro® for
the bipolar stepper motor and MC3479 from Onsemi® for the unipolar stepper motor).

Table I: Characteristics of the different stepper motors used in the control of the sample
and of the PMT

Type Steps per Geared Ratiof Torque
Revolution N-cm
Sample rotation Unipolar 8000 125:1 27.6
PMT position Unipolar 1440 25:1 80
Sample position Bipolar 12 - -

T The geared ratio corresponds to the number of revolutions performed by the stepper motor
after the geared system and the number of revolutions performed by the rotor.
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A micro-controller PIC 16873N was programed to produce the signals needed to these
drivers. Each drive receives the following signals a) the supply voltage for the winding
of the stepper motor (about 5 V for the bipolar stepper motor and 12 V for the unipolar
stepper motor) , b) a squared signal with the desired frequency for the stepper motor,
c) the direction of movement (clockwise or counterclockwise), d) enabling the half-step
option and e) enabling the output of the stepper-motor. The half-step option was turned
off because the positioning with this option was observed to be not very precise. The
windings of the stepper motor are connected at the exits of the of each driver.

The movements inside the chamber are stopped by mechanical switches positioned
in predefined positions at the course end. The mechanical switch associated to the sam-
ple is activated when the sample is completely lowered, this ensures that the sample is
correctly positioned for the measurement. The reproducibility of the movement of the
PMT and structure was tested and tuned by performing several revolutions around
their axis. Eventually the system can “lost” one step, although this occur very rarely
and it is caused mainly by the mechanical switches.

The PIC receives the signal from five mechanical switches, two associated to the
PMT stem, two associated to the rotation of the sample and one associated with the
vertical positioning of the sample, when the switch is activated the PIC disables the
output of the driver and the respective stepper motor stops.

The slow control and data acquisition systems

A Lab-Windows/CVI program from the national instruments controls both the move-
ment of the PMT and the sample, the data acquisition system and all the measurement
procedure which is previously programmed. The principle of working is depicted in

the figure 2.14

Coincidences
signal
Y
DAQ
Stepper Motors
Y Movement _ Signals
Data acquisition |Tinstruction ~ PIC Smtgiaoeer Stepper
Slow control | _ Stop Microcontroller S drive motor
— signal 9y 92
0 )
Logical Stop
A Sto
Independent circuit <sig+ sensors

Figure 2.14: Schematics of the slow control implemented in the experiment. The coinci-
dences signal is passed to a Lab-Windows computer program which controls both the
data acquisition system and the stepper motors.

50


SC/slow_control.eps

19

Configura os Motores

025

Figure 2.15: Display of the data acquisition control panels that was implemented for this work. The main panel and the
motor configuration panel are shown. The plot of the collected data shown to monitor the status of the experiment. The
quality of the run can be assessed namely by the live quality of the acquired data, as shown.
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The program counts the number of pulse signals received by the DAQ board during
a certain amount of time introduced by the user.

The program communicates with the micro-controller through a serial port RS-232
informing which stepper should be moved and for how many steps. Thus, the system
is only able to move a stepper motor at a time. When a stop sensor is activated an
information appears on the display. A logical circuit working independently of the PIC
stops all the stepper motors when a stop sensor is activated in case of error, ensuring
that the system works properly. Both the stepper motor of the PMT stem and of the
surface structure make use of a geared system attached to the rotor to increase the
precision.

The control panels of the Lab-Windows program which controls the measurement
procedure are shown in the figure When measuring the reflection distribution the
user is required to introduce: i) the initial and ii) final position of the PMT, thus defining
the PMT course, iii) the angle of displacement of the PMT between measurements, iv)
the angle of incidence v;, v) the data taking period and vi) the sample position (lifted
or lowered). The measurement starts by moving the PMT to the initial position and the
sample to the correct position, the number of coincidences are counted during the time
introduced by the used. Then the PMT advances the number of steps that corresponds
to the angle of displacement introduced by the user. This is done repeatedly until the
PMT arrives to the end course.

In the motor configuration panel the angles v; and v, are calibrated. The used in-
troduces the angle between a calibrated position defined by the user (e.g. the position
in which the PMT or samples are aligned with the light beam) and the respective stop
sensor. Then the photomultiplier or the samples are moved to the position of reference.
The angles used in the experimental procedure are measured relatively to this position.

The program is also able to calibrate the angles v; and v,. The user needs to introduce
the off-set angles between the PMT or sample and the stop sensors.

2.6 The Alignment of the Optical System

The optical system, specifically the photo-detector (PMT), the VUV source, the iris
diaphragms and the positioning of the sample need to be correctly aligned before the
measurement. A 100 mW He-Ne laser was used to perform the alignment

The alignment is done in two steps. First, the centres of the PMT, the iris diaphragm:s,
the anode wire of the proportional counter and the sample need to be placed in the
plane of measurement (figures 2.16). The angles v; and v, are measured in this plane
and it is the plane of reference to measure the surface’s inclination ¢ (see figure[2.16(a)).
The laser was placed at the PMT position and the iris diaphragms were aligned in line
with the anode of the proportional counter (figure2.16(a)). The PMT was again put in
place and the laser positioned at the exit of the proportional counter (see figure[2.16(b)).
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(a) Alignment of the VUV source and of the iris diaphragms. The He-Ne laser is placed in the
position of the PMT and the iris and VUV source are aligned.

L e

(b) Alignment of the PMT and the iris diaphragms. The He-Ne laser is placed in the position of the
VUV source

Figure 2.16: Alignment of the VUV source, iris diaphragms and PMT

The VUV source is fixed with a system of screws and can be removed without compro-
mising the alignment.

The second step concerns the alignment of the sample (figures2.17). To perform this
operation the laser is placed in the position of the VUV source. The sample is placed
parallel to the laser beam and the surface is aligned with the beam using the three
screws placed behind the sample. A rotation around its own axis is performed to verify
if the alignment is correct (figure 2.17(a)). If the sample is correctly aligned half of the
laser beam should hit the border of the sample, the other half should pass directly to
the PMT. This should occur in both the positions of the sample at v; = 0 and v; = 180.

To verify the inclination of the sample relative to the optical plan a small mirror
was fixed in front of the sample (figure 2.17(b)). The sample was rotated and reflected
in the walls of the chamber. The surface is correctly aligned if the spot in the walls of
the chamber describes an horizontal line at the same height from the breadboard for
all angles of incidence v;. This procedure is repeated until all the components were
completely aligned. Once the optical system and the sample are in place and aligned,
the chamber is closed and the air is evacuated.

Below 180 nm the absorption coefficient in air is above 0.1 cm~! and the light is
absorbed. Therefore the measurement cannot be carried out in air. The air is removed
using a low-vacuum pump up to a pressure of ~ 1073 mbar during about 10 hours.
This vacuum is also limited by the sealing of the chamber and the outgassing of the
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(a) Alignment of the sample with the incident beam. The sample is placed parallel with the laser
beam and turned around itself. In both situations half of the laser beam should be blocked and the
other half should be observed in the projector.
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(b) Alignment of the sample with the optical plan. The light emitted by the laser is reflected by a
mirror placed above the sample. The reflected light is projected in the walls of the sample and the
height b’ is measured.

Figure 2.17: Alignment of the sample with the optical system

interior materials. The air pumping is limited by the dust present in the chamber. The
dust can scatter the incident VUV light (Mie scattering) increasing the stray light of the
detector. Then the chamber is filled with argon until it reaches a pressure of 1.1 bar. The
measurements can now be performed.
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CHAPTER 3

The Measurement of Radiometric Quantities

In this chapter it is described the procedure to measure the different radiometric
quantities, solid angles, incident and reflected fluxes and intensities and the BRIDF
for both metals and diffuse dielectrics using the goniometer described in the previous
section. The calibration of the angles of incidence and reflectance is performed in situ
without opening the chamber. Several tests to the experimental procedure are also
described.

Figure[3.Jlrepresent different experimental settings used to measure the radiometric
quantities. The intensity of the incident beam is measured with the sample raised,
letting the light go straight to the photomultiplier (PMT) (figure 3.1l a), in this position
it is calibrated the PMT position which defines the angle of incidence. Then, the sample
is lowered and the position of the sample and reflectance angle are calibrated putting
the sample perfectly parallel to the incident beam (figure[3.1]b). The intensity observed
is defined for each position of PMT as the ratio between the flux observed and the solid
angle subtended by the slit placed in front of the PMT (figure 3.1l d). To this value it is
subtracted the background measured with the sample raised (figure[3.1le).

The reflectance is then given by the ratio between the observed intensity in the PMT
and the incident flux. This quantity is an experimental quantity and does not corre-
spond directly to bidirectional reflectance because both the directions of incidence and
reflectance are not unidirectional.

The light emitted by the xenon proportional counter was studied by measuring the
light spectra for wavelengths larger than 220 nm, measuring the emitted light with the
chamber filled with air and introducing an interference filter.
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Figure 3.1: Different experimental settings used to measure the, a) Incident beam, b)
angle of incidence, c) transmitted beam, d) reflected beam and e) the background.
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3.1 The Incident Beam Flux

The incident beam is measured with the sample raised and the structure placed per-
pendicularly to the incident beam (figure[3.1]a)). In this situation the light is transmitted
through the structure without any interference. The PMT is then moved around to sam-
ple the entire beam spot. From these measurements we extracted: a) the incident flux
on the sample, b) the direction of maximum intensity (thus calibrating the position of
the PMT arm) and c) the opening aperture of the incident beam. In fact, the slit placed
in front of the PMT window is narrow enough for the beam spot have to be sampled
at various angles. The incident flux is given by the integral of these measurements.
The PMT is, therefore, moved in successive steps from its initial position, near the end
course, up to the point where the incident beam has been completely sampled. Each
position is defined by the angle v defined between the PMT position and the position
of reference given by the motion sensor (see fig. a)). The data taking time at each
position is between 25 s and 50 s, the longer times are used at positions where the slice
of incident beam has already low intensity. The integration can be performed only in v
as the vertical dimension of the slit is sufficient to encompass the entire beam spot.

In the computation of the incident beam it is assumed that the light beam spot
viewed by the PMT is homogeneous. This corresponds to consider that the light is pro-
duced in a fixed point in front of the proportional counter and that it is distributed uni-
formly within the incident solid angle. Actually the light is not produced in a specific
position in the proportional counter but created along the anode of the proportional
counter (about 20 mm long), however this distance is much smaller than the distance
between the proportional counter and the PMT (about 287 mm). The light starts to be
emitted at a certain distance from the anode, however due the fact that the number of
electrons produced is proportional to the electric field the majority of the photons will
be emitted near the anode.

The light is emitted inside a conical solid angle with an apex angle € measured
relative to the position & of the light source. However the axis of rotation of the pho-
tomultiplier is placed in the position of the sample, therefore the incident flux will be
observed within a larger solide angle, defined as @ in the figure 3.2l This angle is very
small (@ < 0.025 rad), therefore the observed beam spot ()! is still homogeneous and
can be approximated to a circle with a radius @

OF =27 (1 — cos @) ~ w@d? (3.1)

The angle, ¢, is related with the angle @ that is observed by the relation (see figure
B.2):
€ = arctan (0.231 tan @) (3.2)

The incident flux is given by the integral of the intensity observed over the solid
angle QO?. The intensity (I) observed by the PMT at each position v is given by the
integral over the sampled strip of the beam spot (fig. B.3). The integral limits are defined

57



3. THE MEASUREMENT OF RADIOMETRIC QUANTITIES

Samplie PMT
position position

Iris diaphragm 2

140.6 mm 80.0 mm 66.4 mm

Figure 3.2: Relation between the observed aperture angle @, the half apex angle of the
incident beam € and the aperture of the second iris diaphragms (the aperture of the iris
diaphragm is exaggerated for clarity).

by the slit width H placed in front of the PMT. Thus, thus the intensity at certain

position, v, is given by
D; v+y ,
= 2 / 2@ —v2dy (3.3)
®d; is the incident flux that strikes the surface and # = arctan {(H/2) /p,} where H is
the horizontal dimension of the slit in front of the photomultiplier and p, the distance
between the photomultiplier and the sample. The normalization factor, 77?2, corre-
sponds to the area of the beam spot. The angle v is related with the angle vy, defined
between the PMT position and the position of the stop sensor, through

V = 1) — Vmax (3.4)

where vmay is the angle between the position of the maximum intensity of the incident
beam and the position of the stop sensor.
The integral B.3] yields

vty

[(®;,@,v) = D; |v@*+12 + @>arctan Vmax (3.5)
@2 — (v + A)?

v=n
which is a function of three parameters (®;, @ and vmax). From it we can extract i) the
beam aperture, @, ii) the angle of maximum intensity, Vmax, and the incident flux ®;.
The values obtained from the fit to different flux intensities are shown in the table[ll
The solid angle defined by the incident beam (; with apex angle of 2¢ is given by

O; =27 (1 — cose) [sr] (3.6)
the aperture of the second iris diaphragm was set to

s =140.6tane [mm] (3.7)
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3.1 The Incident Beam Flux

2 mm
PMT slit
£ / Beam
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V = —Vmax v v=0
g =0 Vo Vo = Vmax

Figure 3.3: Measurement of the incident beam. The integral is performed to a part
of the beam that is viewed by the PMT in a certain position v. H corresponds to the
horizontal dimension of the slit.

Table I: Typical parameters of the beam obtained from the fit to its intensity profile (see

figure[3.4).

; Vmax @ € Q; s E (®;/Q))
(ph/s) (deg) (deg) (deg) (1s1) (mm)  (ph/(susr)
24642 4.0244-0.005 0.923+0.009 0.214+0.004 4442 0.524+0.010 5.7+0.2
57843 4.9254-0.004 1.340+0.005 0.310£0.005 9243 0.761£0.013 6.3+0.2
728+3 5.132+0.003 1.400+0.002 0.324+0.005 101+£3 0.795+0.013 7.3+0.2
1008+4 5.254+0.003 1.728+0.005 0.400£0.006 153+5 0.981£0.016 6.7+0.2
14564 5.536+0.003 1.946+0.004 0.450+0.007 194+5 1.105+0.018 7.5+0.2

The voltage applied to the proportional counter was 1350 V in all the measurements shown in this
table.

The values for €, ();, s, derived from @ are shown in the table [[l for different photon
fluxes. The incident beam intensity E (®;/();) is also shown. This value should not
change significantly with the angle of incidence. The values in the table[[lie between 5.7
and 7.5 ph-s_lysr_l. This difference may be due to the non-uniformity of the incident
beam.

The value obtained for the incident flux is difficult to be compared with the ex-
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pected value as it is the result of several factors that are not well known, specifically the
quantum efficiency of the photomultiplier at the xenon scintillation wavelength and the
light gain in the secondary scintillation. Nevertheless the flux can be estimated using
the following equation

D; ~ nngcoquuartz(l - Aquartz)<1 - Aair)QPMTEtrigger% (38)
where,
1y Number of primary electrons (measured 50,000 (for 1350 V)
in fig. 2.7)
g Light gain in the secondary scintillation per pri- 40-80 (for 1350 V)
mary electron
Ecol Collimator efficiency (calculated from fig. 2.10) 0.6-0.8 (for 1350 V)
Rquartz Transmission probability, namely at the inter- ~ 87%
face xenon gas quartz and quartz chamber (for
Nquartz = 1.7 at 175 nm)
Aquartz Absorption in the window of the proportional ~0.0
counter
Aair Absorption by oxygen molecules ~0.0
gPMT Quantum efficiency of the PMT 0.1-0.3
Etrigger Trigger efficiency 0.6-0.7
Q; Solid angle 40-200 psr

Assuming that ); ~ 40 usr, a collimation efficiency and trigger efficiencies of 0.7,
a quantum efficiency of the photomultiplier of 0.2 and a light gain in the secondary
scintillation of 40 photons per electron, thus the predicted flux is about 1.6 photons per
alpha particle or 1300 photons/s. This value is similar to the flux measured (see table
.

The intensity observed in the PMT for different angles v is shown in the figure[3.4 for
two different slit widths (1 mm and 2 mm). The solid lines represent the fitted function
I (®j,€,v) of equation 3.5 Gaussian fits are also shown for comparison (dotted lines),
using as free parameters the amplitude of the distribution ®p,,, the standard deviation,
0, and Vmax the angular position of maximum intensity relative to the stop sensor vmax.
In this case the incident flux is given by

O — V210 Prax
' arctan (H/574)

(3.9)

The values obtained for the incident flux differ less than 1% and are never greater
than 2%. The gaussian fit overestimates the points at the maximum amplitude and the
fit with the equation 3.4 underestimate the points with maximum amplitude. Never-
theless the x? of the fit with the equation [3.5]is usually smaller than with the gaussian
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Figure 3.4: The incident flux measured with two PMT slit widths, H=1 mm (a) and H=2
mm (b). The solid lines represent fits of the equation 3.5 (solid lines) and Gaussian fits
(dashed lines) are also shown for comparison. The error bars correspond to angular
uncertainties of 0.5 degrees.

distribution and the tails of the observed data are better described with this distribu-
tion. In both minimizations the reduced chi-square is too large, therefore the errors of
the parameters obtained in the minimization do not have statistical meaning. Hence,
the uncertainties are taken from the error of the parameters it is used instead the root
mean square of the several measurements made to the incident beam.

Light source stability

The light source should be stable during the measurements to ensure that the in-
cident flux in the samples remain the same. The evolution of the incident light flux
(®;) with time (since the closure of chamber, in hours) is shown in figure[3.5] for a high
voltage of 1350 V. Three different apertures of the iris diaphragms are shown. As can
be seen the flux is very stable of a time period of more than 100 h. Though, continuous
decreasing of about 0.5 photons/hour is observed at high intensities which might be
caused by the outgassing of different materials inside the chamber, increasing the level
of oxygen, and consequently the VUV absorption. A typical measurement of the re-
flected light flux for a specific angle of incidence lasts between eight and twenty hours.
During this time the incident flux decreases in about 4 to 10 photons, in whichever case
it corresponds to a value below 1% of the incident light flux.
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Figure 3.5: Incident flux observed as function of time since the closure of the chamber
for three different beam intensities.
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Figure 3.6: Test to the uniformity of the photo-cathode of the photomultiplier. The slit
in front of the PMT was removed and the PMT directed to the incident beam. The
outer circle represents the PMT window. Only the central region marked by the dotted
line, was used for detection. The beam spot is also shown at different positions over
the photocathode along with the corresponding beam flux. The non-uniformity of the
photocathode is about 3.5 (r.m.s.).
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3.1 The Incident Beam Flux

Non-uniformity of the photo-cathode

The type of measurements performed require the area of the photomultiplier to be
uniform. Therefore, the uniformity of the photomultiplier was checked without the slit
normally placed in front of the PMT window. The incident beam was collimated to
about @ = 1.2° measured relatively to the sample and the incident flux was measured
at different positions of the PMT, v.

The intensity observed in the photomultiplier as function of the position, v, is shown
in the figure 3.6] different regions of the photocathode are illuminated in each case, as
shown in this figure. The zone delimited by the dotted circle corresponds to the zone
of the PMT that can observe photons, the outer annulus is masked by the slit placed in
front of the PMT. The difference between the largest and smallest measured flux is less
than 10.0% and the r.m.s. obtained is 3.3% of the observed intensities. Therefore the
non-uniformity pose no problem to the reflectance measurements, namely because the
slit is kept in place across all bunch of measurements.

The vertical calibration

The vertical calibration aims to measure and check for any residual vertical dis-
placement of the incident beam relative to the photomultiplier axis. This calibration
was done routinely in between experiments. To perform this operation the slit that is in
front of the PMT is placed in an oblique position. We used an inclination of 22.62° with
the horizontal instead of 90° (figure[3.71b and ¢). Any displacement will show up when
sampling the beam spot as above. The beam is measured for several positions of the

y y y
PMT
| T
{ ~slit
€ 0. X
\Beam| X X
spot
a) b) 0)

Figure 3.7: Calibration of the incident beam relative to the PMT axis a) for the incident
beam correctly aligned; b) if the incident beam is centered below the PMT axis, c) if
the incident beam is placed above the PMT axis. By turning the slit a certain angle
is possible to evaluate the position of displacement of the beam spot, d, at the PMT
window.
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PMT. If the beam is correctly aligned the position of the maximum of intensity will be
right at the same position as the maximum intensity observed having the slit vertical,
at 90°. In the event of any misalignment it can be corrected further during the data
analysis. For the majority of the measurements performed the correction introduced is
of 0.5 mm.

3.2 Calibration of the Angle of Incidence

The angle of incidence v; is calibrated after the position of maximum intensity. The
PMT is positioned in line-of-sight with the source (Figure[3.I]b)). The sample is lowered
and oriented until being nearly parallel to the incident beam. The sample is then rotated
successively in small steps (of about 0.18°) and the flux of photons observed in the PMT
is recorded. A typical v; calibration curve is showed in figure[3.8

The angles are all measured relative to the position of the reference point given by

the motion sensor. The position of intersection between both lines, V;;l?r)l(ple’ corresponds
3 3 3 max —
to the maximum flux observed and is given by vZtt, = (ap —aq) / (my —myp) . In

this position the sample is parallel with the incident beam. Due the geometry of the
experiment m; and my should be similar. When the sample is correctly aligned with

200
§§175 -
@}
6150 -

L2 } H ]
0.-125 n=a; +mv n=a;+mv -

100 F

50
25

6“‘8”‘1‘0”‘1‘2"”1‘4” 1‘6‘
Off set angle v (deq)

Figure 3.8: Calibration of the angle of incidence, the PMT is placed aligned with the
beam and the sample position changed according to the angle v measured between the
sample and the stop sensor. The lines correspond to inear fits to the data at left and right
of the position of maximum intensity. The position v 771, corresponds to the angle of
incidence v; = 90°
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3.3 Measuring the Reflected Light Flux

the incident beam the intensity observed at the position V;E?ri(ple should be half of the
intensity of the beam. At this position the angle of incidence is v; = 90°. The angle
between this position and the stop sensor of the structure that supports the sample is

about 12° as can be seen in figure[3.8

3.3 Measuring the Reflected Light Flux

After the measurement and calibration of the angle of incidence, the sample can be
positioned at whatever angle of incidence. When the sample is illuminated at the nor-
mal incidence the diameter d of the beam spot produced in the sample is d = 2p, tane
mm where p; is the distance between the proportional counter and the sample (ps; ~
220.6 mm). When the angle of incidence, 8;, is increased the beam is stretched in the
horizontal direction and the size of the beam is now given by

d = 2p,stane/ (cosb;) [mm] (3.10)

The samples used have horizontal dimensions of 30-35 mm, thus it is not possible to
measure the reflectance at very low grazing angles. The width of the beam spot at the
normal direction and at §; = 80° is shown in table [l for different apertures of the iris
diaphragms. The maximum angle that can be measured assuming a sample with a
horizontal dimension of 30 mm is also shown.

To check that no light goes beyond the sample limits, the sample is positioned at
specific angle of incidence, the photomultiplier is moved as if it was measuring the
incident beam, but for the fact that the sample is now lowered. In this situation if all
goes well we should only observe the background signal. At angles larger than 6%
(defined in the table[ll) part of the light does not strike in the sample and is transmitted
directly to the PMT.

Table II: Horizontal size of the beam spot produced in the sample for different aperture
angles and for different angles of incidence. The maximum angle of incidence (6/"®)
that can be observed for a sample with horizontal dimensions of 35 mm is also shown.

€ d (6, =0°) d (6; = 80°) (Om™)
(deg) (mm) (mm) (deg)
0.214 1.65 9.49 87
0.310 2.38 13.7 85
0.324 2.50 14.4 85
0.400 3.08 17.7 84
0.450 3.47 20.0 83
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Figure 3.9: Definition of the solid angle (), defined by the slit with dimensions HV
placed in front of the PMT.

With the sample in place the reflect light is measured moving the PMT in succes-
sive steps all along its course (figure B.I]d). The angles near the specular direction are
sampled in small steps (0.5° or 1°) most of the light is concentrated in a narrow band of
angles near the specular direction. As for the other directions the reflectance is sampled
in steps of 2°.

The time of data taking At is between 125 and 250 s for the angles near the specular
direction and 750-1500 s otherwise. The intensity observed for angles far from the spec-
ular direction is small thus requiring longer data taking periods. The time required for
the measurement of each angle of incidence is between 8 h (v; = 0°) and 20 h (v; = 80°).

The reflection angle v, is derived from the angle vmax (Which was obtained from the
fit to the incident beam) as

vy = 180° — v; — V + Vpax (3.11)

where v is the position of the PMT relative to the end course sensor. It should be noted
that, as defined, v, is negative whenever v > 180° — v; + Vmax.

The angle between the two stop sensors is 162°, thus the minimum value for v, that
can be observed by the PMT is

(V1) min = 18 + Vinax — Vi (3.12)

Hence, for a typical value of vmax =~ 4° (see figure 3.4), to observe the specular lobe or
eventually the specular spike, the incident angle v; needs to be larger than 11°.

The viewing solid angle (),

The solid angle subtended by the light detector, (2, is defined by the slit placed in
front of the PMT window (figure 3.9). This solid angle is pyramidal with apex angles
By and 0y given by

1% H
0y = arctan <d_>' 0y = arctan <d_>
po po

66


Angulos/colimador.eps

3.4 The Background Measurement

Table III: Apex angles and solid angles for the slits used during the experimental pro-
cedure

H (mm) V (mm) dpo (mm) On (deg) By (deg) 0, (msr)

Slit A 1.0+£0.1 13.0£0.1 73.4£0.1 1.72£0.04 11.1£0.5 5.8£0.3
Slit B 2.0£0.1 12.0+0.1 66.4+0.1 0.86+0.02 10.2+0.5  2.67£0.07

H and V are the dimensions of the slit. 6 and 0y are the apex angles of the viewing solid
angle Q), (see also figure[3.9).

where V is the height of the slit and H the width. d), is the distance between the slit
and the sample. Thus the viewing solid angle is given by

0, = 4arcsin (sin (%H sin 97]3) (3.13)

The values of 0y, 6y and (), are shown in the table [[IIl for the two slits used. In both
cases we have (), > ;.

The measurement of the solid angles is affected by large uncertainties. This can be
solved using a reflectance standard such as the Fluorilon® 99 or the Spectralon® 99.
These reflectance factors are not appropriated to be used below 200 nm, nevertheless
light with larger wavelength can also be used [4].

Measuring the reflectance of smooth surfaces

The light reflected by a polished or very smooth surface with no diffuse reflection
is clustered within a solid angle similar to the incident beam. Therefore, to measure the
reflected light is necessary to sample the reflected beam in successive steps, following
the procedure described in[3.1l For a certain angle of incidence, v;, the PMT is placed
some angles before the specular direction. The measurements are taken in successive
steps of 0.5° until the reflected beam has been totally sampled. The observed flux is then
fitted with the function[3.5/and the values for the parameters ®,, v, and ¢, the reflected
flux, peak angle of incidence and apex angle respectively are extracted. If the system is
correctly aligned the peak should be positioned at v; = v,. The incident beam direction
will correspond in principle to several incident directions. The aperture angle observed
for the reflected beam will be exactly the same ad the aperture observed for the direct
beam as suggested in figure
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Surface sample

Figure 3.10: The reflected ray for a perfectly specular beam. The aperture of the re-
flected beam € is equal to the aperture observed in the photomultiplier when pointing
directly to the beam. The aperture of the incident beam is exaggerated for effects of
visualization.

3.4 The Background Measurement

The background is measured regularly as a function of the angle of incidence. The
sample is lifted off, the beam of light and the PMT are moved normally sampling all
around as if it was measuring the reflectivity of a surface (figure[3.1le).

These measurements showed that the background is between 0.12 and 0.20 photons /s
along the PMT course. The background observed has two primary sources, i) the elec-
tronic noise of the PMT and ii) the light scattered in the interior surfaces of the detector.
The electronic noise of the PMT is caused by thermalized electrons in the photocathode
that are amplified and produce noise pulses. Some of these pulses are sufficiently large
to be detected. The background caused by the electronic noise can be evaluated count-
ing the number of photons with the light source turned off. The number observed is
about 10 photons per second without trigger and ~ 0.1 photons/second if looking at
coincidences with the trigger signal. This value amounts to the majority of the observed
background.

The background was observed to be independent of the angles v;, v, and the incli-
nation of the sample, ¢, as can be judged from the analysis of the figure It is low
enough (~0.15 ph/s), to permit the observation of the diffuse reflection, which in the
cases analysed amounts to about 0.9 ph/s at 8, ~ 0°. In this case the signal/noise ratio
is about 6.

There are, however, two main problems concerning this measurement procedure:
a) given that the light that might pass through the sample is eventually reflected at the
walls of the chamber, the background is artificially increased and b) the light that is
reflected by the sample can be reflected by nearby surfaces and reach eventually the
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Figure 3.11: Measurement of the light reflected by a sample of molded PTFE (signal)

illuminated at v; = 65°. The measured background is shown in the same scale. As
can be seen, the background is low enough to allow the observation of the reflection at
angles far from the specular direction. The solid line corresponds to the average value
of the background, and the curved line is to guide the eye.

Figure 3.12: The background measurement with the sample lowered, the PMT is placed
at an angle of reflectance larger than 90° to measure the background. This procedure
assumes that the background in the chamber is uniform.

PMT. This light should amount to the background and its effect cannot be measured
with the procedure described above. These two issues can be addressed by measuring
the background with the sample lowered and the PMT placed at reflectance angles
larger than v, >90°, as shown in figure With this configuration the light reflected
by the sample cannot reach the PMT directly, it can, however, be scattered by the nearby
surfaces and be detected by the PMT. However, this procedure requires the background
to be uniform along the PMT course.
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Figure 3.13: The distribution of the number of photons observed in the background

measurements for the results shown in the figure[3.12l The data taking time was 750 s.

1 "
80

A histogram of the background measurements is shown in the figure The
root mean square obtained (0.032) is significantly higher than the error obtained with a
Poisson distribution (0.018).

3.5 Tests with Wavelength Filters

Various tests were carried out to ensure that the observed light is effectively VUV
scintillation light coming from the xenon proportional counter and not from something
else. To be certain that the light beam originated from the xenon proportional counter
has no light other than the expected scintillation we placed an interference filter after
the last iris diaphragm. The interference filter that has been used is a dielectric-metal
filter from S. A. Matra® whose transmittance efficiency is 12% at 172 nm, according
to the manufacture. The transmission curve has a FWHM of 17 nm. The filter was
positioned at the last iris diaphragm to ensure that all the light that strikes the surfaces
passes through the filter near the normal.

In figure[3.14 we compare the reflection distribution obtained for the PTFE with and
without the VUYV filter. The amount of light obtained after the filter is very small, hence
the comparison is only done for angles close to the specular direction. The ratio of the
areas of the reflection lobes with and without the filter is 13.7% (see table [V)), a value
comparable to the manufacturer’s figure. Therefore, we conclude that the beam is of
VUV light.

Another hint comes from the beam attenuation in air. The intensity is attenuated to
about 1/200 when air is introduced in the chamber. At 175 nm the absorption coefficient
for the atmosphere is larger than 1 cm ™! (fig. 1)), thus no light can be observed by the
photomultiplier. However the emission spectra for the xenon shows that 15% of the
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Figure 3.14: Comparison between the reflectance distributions obtained with and with-
out the Fabry-Perot interference filter at 1;=65° for a sample of PTFE. As can be seen the
filter reduces the amount of light but not the shape of the distribution. This is clearly

seen when the two distribution are normalized to each other (right panel).

Table IV: The parameters of the gaussian fits of the PTFE reflectance in the specular
lobe region for v; = 65° with and without the filter (see text).

Amplitude (ph/s) o (deg.) o-A
without filter 11.2+0.1 11.6 £ 0.1 2.27
with filter 1.67 +=0.04 10.6 £ 0.4 0.31

ratio (filter/no filter) 0.149 4+ 0.004 1.09+0.04 0.137 +0.003

emitted light is above 182 nm. For these wavelengths the absorption coefficient can be
as low as 0.01 cm~!, which means that it can be detected.

No light is observed when a piece of glass is placed between the PMT and the VUV
source. This test was performed to several types of glasses with different thicknesses.
One of the glasses used is transparent for wavelengths larger than 270 nm. When the
proportional counter is placed at a distance of 10 cm from the photomultiplier in air the
number of photons observed without the glass is 3113 photons/min and with the glass
164 photons/min. The measured background observed was at about 164 photons/min.
Thus if any light above ~300 nm is emitted by the proportional counter it should be
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Figure 3.15: The emission spectrum of the light emitted by the proportional counter
between 200 and 800 nm for an applied voltage in the proportional counter of 1750 V.
The background was removed from each data point. The resolution of the spectrometer
is 9 nm and the time of each measurement was 300 s.

very small, without any statistical significance.

Furthermore, the proportional counter was coupled to a monochromator to measure
the spectra of the emitted light between 220 nm and 800 nm for high voltages of 1350 V
and 1700 V. The spectra was measured with steps of 5 nm with a resolution of 9 nm. The
time of each measurement was about 1000 s. The background was subtracted for each
wavelength and the result obtained was corrected by the diffraction grid efficiency and
the photomultiplier quantum efficiency. Above 340 nm no emission was observed as
expected and the collected data is comparable with the measured background. How-
ever, between 240 and 340 nm the proportional counter produces light (see figure
with the distribution is peaked at about 280-290 nm. The observed signal is very small
corresponding to about one photon per second and a signal to noise ratio of 0.18 but it
was not possible to compare the intensity of this signal with the intensity of the second
continuum.

The origin of this light could not be identified and it is still unknown. It can be
caused by impurities. However impurities such as XeF, (~ 350 nm), O, (~ 558 nm),
N> (~ 337 nm) and water OH (~ 306 nm) do not have this spectral characteristics and
were discarded. This emission can also be associated to the so-called third continuum
which is placed between 200 nm and 400 nm [142]. As observed by E. Robert et al [143]
this emission is quite broad and at 1 bar it starts at about 220 nm, has a maximum at

72


Neue/espectro.eps

3.6 The Reflectance Quantities

270-290 nm and extends up to 500 nm. These characteristics are shared by the observed
data. The origin of the third continuum in rare gases is uncertain, some hypothesis for
this emission are given by A. M. Boichenko (2000, [142]) and Pierre Milet (1979, [18])).

3.6 The Reflectance Quantities

The intensity for a specific position {v;, v;, {}, is given by the ratio between the
photon flux observed in the PMT with the background measured subtracted and the
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Figure 3.16: The Reflectance distribution of a sample of PFA in polar coordinates, mea-
sured at an angle of incidence v; = 65° and for i = 0° (for the definition of the angles
see figure[2.17] of chapter2). The reflectance shows a directional contribution peaked at
the specular direction plus a diffuse component distributed around the normal n to the
surface which is typically lambertian. The data are well described by the fitted func-
tion ¢ which will be treated further in the next chapter. The error bars are given by the

equation3.17
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solid angle (),

(3.14)

Nph is the number of photons measured by the PMT during the time Af and B is the
background flux.

The measurements performed corresponds to a bi-conical reflectance. However, the
incident solid angle ); is usually very small comparatively to (),, therefore we opted
by the directional-conical reflectance (see appendix[A) to represent our data.

The directional-conical reflectance is given by the ratio between the intensity ob-
served in the PMT and the flux incident on the sample. This is in general a function of
both the incident and the reflectance direction

DC Iy
o (Vv p) = o (3.15)
1

In a perfectly smooth surface the directional-hemispherical reflectance for a certain
angle of incidence 6; can be calculated directly by the ratio of the total reflected and
incident fluxes

R(6;) = — (3.16)

The uncertainties of each reflectance measurement can be obtained by error prop-
agation of the quantities Nph, B, )y and ®;. The number of photons of the signal is
assumed to follow a Poisson law, thus Tnn = /Tphs the error for reflectance is given by

"ph 2
+oz 03 o2
DC (At)z B Qr (I)i
¢ ‘ (”ﬂ _ B)z ar @7
At

The reflectance distribution is shown in figure[3.16/ for v; = 65° for a sample of PFA.
This polar plot shows the presence of both a specular lobe along the specular direc-
tion, and a distribution in cos v, characteristic of a lambertian surface. Although the
directional reflectance seems to be strong, the data was taken exclusively in the plane
of reflection but the light is diffused all around, especially the lambertian component.
A modelling of the reflectance is necessary to obtain the reflectance outside this plane
and to obtain the hemispherical reflectances. The curve represents the best fit to the
measured data using such a model function o (v;, v, ). The modelling of the reflection
will be discussed in the next chapter.
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CHAPTER 4

Modelling the Reflection

It is not practical to describe, compare or even predict reflectances using the large
amount of data that was collected with the goniometer. Also the data are restricted
to a part of the hemisphere and the reflectance measured does not correspond exactly
to the BRIDF (bidirectional reflected-radiance-distribution function , see appendix [A).
This factors render necessary an effective modelling of the reflectance, thus using a re-
strict number of parameters physically motivated to describe the reflectance properties
of an interface. These models and the results obtained with them can be used in detec-
tor physics, particularly in the understanding of the detector and the development of
simulations and the data analysis.

The modelling can be performed using two different methods, an analytical method
in which the bidirectional reflectance function ¢ is computed at every point of the hemi-
sphere or a Monte-Carlo method where the photons are tracked and the direction of
reflection is obtained by the sampling the function ¢. Here, we are mainly focused in
the analytical method, a Monte-Carlo method will be used further in the chapter|[6l

A surface corresponds generically to the frontier between two materials with differ-
ent optical characteristics. The reflectance of a polished surface with no internal scatter-
ing can be fully characterized by the laws of reflection and refraction (Snell-Descartes)
and the Fresnel equations. These equations are dependent of the optical properties of
the materials of the two media that meet at the surface namely the indexes of refraction
and the extinction coefficients. However, most surfaces are at least slightly rough, char-
acterized by vertical deviations of the surface points relatively to a perfectly smooth
plane, rougher surfaces will have larger and more frequent deviations. Apart from
these effects it is also frequent to have internal scattering of the light in the bulk. There-
fore, the reflection usually involves three different components: i) a specular spike, ii) a
specular lobe and a iii) diffuse lobe. The diffuse lobe is associated to an internal scatter-
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ing of the light in the volume of the material beneath the surface and yields a reflection
distribution which is mostly independent of the direction of the incident light. The
specular lobe is centered along the specular reflection direction and has a width and
distribution directly proportional to the roughness of the surface. Finally, the specular
spike corresponds to mirror like reflection which can be attributed to a coherent re-
flection at the mean plane of the surface. As the surface becomes rougher so does the
intensity of the specular lobe, at expenses of the specular spike which decreases.

The specular components are dependent of the roughness of the surface. The rough-
ness can be described using two different models, the height distribution model and the
slope distribution model. The first model characterizes the surface using a height dis-
tribution with certain a correlation function between two every points of the surface.
Usually, two parameters are needed to characterize the surface: the root mean square
of the heights and a correlation length. The model of slopes, on the other hand, de-
scribes the surface irregularities by a collection of micro-surfaces randomly oriented
whose slopes follow a certain probability distribution function. The height distribution
model is usually used in smooth samples namely whenever the physical dimensions of
the irregularities are important to describe the optical behaviour of the surface

The scattered electromagnetic wave that is generated at the rough interface has two
different components corresponding to the coherent and incoherent superposition of
the fields. The coherent field corresponds to the average field and yields a spike right at
the direction of specular reflection. The incoherent field corresponds to the fluctuating
field and leads to the specular lobe of reflection. The two fields are computed through
the integration of the Helmholtz equations. Usually it is necessary to consider some
approximations when computing the integrals, such as the small slope approximation
and the tangent plane approximation which corresponds to consider the surface locally
flat.

If the roughness is large enough, such that the physical dimensions of the irregu-
larities are much larger than the wavelength of the incident light, then a geometrical
approximation can be used instead. The specular lobe is then well described by a dis-
tribution of micro-facets. This approximation, however, cannot describe the coherent
field as it is intrinsically a wave phenomenon.

In dielectrics the diffuse reflection arises from internal scattering in the subsurface
layers. It usually presumed this reflection has constant radiance according to the Lam-
bertian model. However, the diffuse reflected light is refracted twice at the surface plus
one or more internal reflections. Therefore, the radiance is found to have some angular
dependency. These effects are accounted for by the Wolff model of reflection [6]. More-
over, there is a geometrical effect introduced by the roughness of the surface. When the
viewer direction approaches to the direction of incidence it is observed an increasing
in the observed radiance of the surface, this effect is described here by the Oren-Nayar
model [144]. Associated to the internal scattering of the light it is possible to observe a
coherent backscattering of photons that corresponds to a photon self-interference with
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Figure 4.1: Polar representation of the three components of the reflection. The diffuse
lobe is centered around the surface normal and the specular components are centered
around the specular direction.

an enhance intensity cone in the backscattering direction [145]. Although this a very
interisting phenomenon because it is directly related with the mean path of the light in
the disordered media it has usually a very small effect in the reflection distribution.

Figure[d. Tl depicts the typical reflection distribution at a rough surface with the three
reflection components referred to above: the diffuse lobe, the specular lobe and the
specular spike. The angle of incidence, 6;, is defined between the normal to the plane of
the surface and the incident direction whereas the viewing angle, 6,, refers to the angle
between the normal to the plane and the direction towards which the reflected light is
being viewed.

The BRIDF (0(6;, ¢, 6,, ¢) = 924 see appendix[A) should be given by the sum
of these three contributions: 1

0= 0p +0s+oc (4.1)

where ¢p, 0s, oc are the contributions for the total BRIDF of the diffuse lobe, the spec-
ular lobe and the specular spike (coherent) respectively.

These components usually assumes that the light is scattered only once at the sur-
face (or twice as in the diffuse component). However, if the surface is rough enough,
then some parts of the surface can hide or be hidden by other parts of the surface. Here
the light can be multiple reflected at different parts of the surface (a part from the dif-
fuse component which by its nature is a multi-scattering phenomenon). This effect is
called shadowing-masking and should be included when attempting to describe the
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Figure 4.2: The reflected and transmitted components in a interface between two differ-
ent media with indices of refraction 1y and n. The intensity of the transmitted compo-
nents is usually larger than the specular components. It is considered that no internal
reflection occurs in the transmitted medium.

reflectance distribution of a surface.

To describe light that is not reflected, but otherwise transmitted into the other side of
the interface it is also necessary to consider various contributions namely the specular
lobe and coherent spike. In this case the BTIDF (bidirectional transmitted intensity
distribution function) ¢’ is given by

o' =05+ at 4.2)

where ¢} described the transmitted lobe and ¢} the transmitted spike. It is assumed
that no multiple scattering occurs in the second medium, or else it should be necessary
to describe the scattering process that occurs inside the medium.

Figure 4.2l represents the scattering of an electromagnetic wave, considering both a
lobe and a spike for both the reflection and transmition processes. The angle 6; corre-
sponds to the transmitted angle obtained using the Snell’s law.
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4.1 Reflection and Refraction of a Plane Wave

The majority of the models that are addressed in this chapter are not restricted to
the scattering of electromagnetic waves but can be adapted to the reflection of other
type of waves such as acoustic waves [146] or seismic waves [147].

4.1 Reflection and Refraction of a Plane Wave

An electromagnetic plane wave that reaches a boundary between two homogeneous
media with different optical properties is split into two parts, a reflected wave and a
transmitted wave, towards directions given by the laws of reflection and refraction

0, = 6; (reflection) (4.3a)

ng sin §; = nsin 6, (refraction) (4.3b)

where n and 7 are the indices of refraction in the incoming and transmitted medium.
When a wave propagates from an optical denser (higher index of refraction) medium
into one optically less dense it can occur total internal reflection for angles larger than
sin6; > ny/n.

The index of refraction of an absorbing medium is a complex number given by
fi. = n + ix. The intensity of the transmitted electromagnetic wave decreases in this
according to the exponential I(z) = Iyexp (—z/(), where  is the attenuation length
of the electromagnetic wave in the material. This attenuation length is related with the
extinction coefficient, x, of the medium and the wavelength in the vacuum, A, through

the relation
A

This length is dependent of the material itself and the wavelength of the radiation.
For significative values of k the equations and cannot be directly applied.

The Fresnel formulae

The equations of Fresnel relate the amplitudes of the reflected and transmitted waves
at a given interface between two different media. These equations are usually written
separately for each polarization components, parallel (p) and perpendicular (s) to the
plane of incidence. For an interface between a non-absorptive medium and an absorp-
tive medium [148], the ratio of the amplitudes of the electric field is squared

g (mo—cosé) +ig (4.52)
’ (ng + cos 6;)* + 13
(ng — sin 6; tan 91-)2 + 13

(ng + sin §; tan 6;)* + K3

(4.5b)

F, = F
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where 1y and «xy are given by:

2
n2 = % { \/(nz — k2 — sin? Gi)z +4n2k2 4+ (n* — x* — sin? Gi)} (4.6a)
2 _ 1 \/ 2 2 i 2 2 2.2 2 2 : .2 ?
o= 5 (n? — 12 —sin”6;)” + 4n2k? — (n* — k° + sin” 6;) (4.6b)

where 1 and « are the index of refraction and extinction coefficient of the second medium.
For the normal incidence ny = n and xg = «.

The transmission coefficient, the fraction of light that is refracted to the new medium,
is obtained using the relations:

The equations[d.5aland [4.5blcan be simplified when ¥ < 1 and in this case the reflection
and transmission coefficients are given by [149]

2
ncosf; — 4/1— %sin‘z()i
ncosf; + /1 — #sin‘zGi

2

cosB; —n4/1— %sinzei

F, = (4.8b)
cosB;+n4/1— %sinzei

P sin 26; sin 26; (4.8¢)
sin” (0; + 6;) cos? (6; — 6;)

T — Smgﬁfﬂ (4.8d)
sin” (0; + 6;)

For the normal incidence (6; = 6; = 0 and kg9 = «, ng = n), the distinction between
perpendicular and parallel equations disappears and we have

—1)% 4«2 4
R WZD R A (4.9)
(n4+1)" 4«2 (n+1)" + «2

4.2 Models of the Surface Structure

The way the light is reflected in a rough surface is dependent of the microscopic
shape of the surface, the roughness. The origin of the roughness of a surface is diverse
and can have many causes. It includes random scratches surviving in the surface after
polishing, any irregularities in result of machine cut, etc...[150]. The roughness is usu-
ally an undesirable effect increasing the wear and friction of the material. Moreover, in
result of this roughness the light is scattered other than in the specular direction and in
general leads to a specular lobe. Thus it is necessary to describe or somehow model the
surface structure so to be able to describe the reflectance distribution in the surface.
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4.2 Models of the Surface Structure

The roughness measurements

There are different methods to measure the roughness of a surface. Among these
methods are stylus profilometers (SP), the optical profilometers (OP), the scanning
electron microscopic (SEM) methods, the scanning tunneling microscopy (STM) or an
atomic force microscopy (AFM) [151]. The intrinsic resolution of these systems, vertical
and horizontal, is shown in the figure As shown these systems have usually larger
resolutions in the vertical spacing than in the horizontal spacing.

In the SP measurement a stylus is loaded into the surface and moved to obtain the
height variation of the surface. A SP is not convenient in a soft materials such as the
PTFE or pure metals because the stylus usually will scratch the surface [152]. In such
situations the optical profilometers have the advantage to be non-destructive and can
be used for any rough surfaces [153]. There are different optical methods such interfer-
ometry techniques or the proper scattering of light in a surface. These techniques are
however very model dependent and restricted to specific surface’s profilers. They are
described in detail in Jean M. Bennett (1976, [154])).

The STM microscopy measures the tunneling current between a sharp tip and the
surface. When the distance between the tip and the surface decreases so does the tun-
neling current increases, being possible to measure the roughness of the surface. This
is the most precise method but it is limited to the analysis of conductors.

In AFM measurement the tunneling tip is replaced by a force sensor which measures
the force between the tip and the surface [155]. This force has different contributions
from Van der Waals, electrostatic and magnetic forces. Unlike STM the AFM technique
is not limited to conducting materials and can be used in soft dielectric materials such
as the PTFE.

The measurement of the roughness of the samples used in this work was limited
to the observation with a optical microscope. More precise methods were not used
because we do not have direct access to these instruments. Nevertheless it is highly
recommendable to do such measurement in the near future.

Usually the roughness is a very complex feature and only rarely can be described in
detail. Thus the roughness measurements are usually expressed by a series of statistical
parameters. A detailed description of the different roughness parameters can be found
in [157].

The height distribution

In the height distribution model the surface structure is approximated by a distri-
bution of heights. This model of the surface expresses the roughness by a random vari-
ation from an ideal smooth plane that represents ideally a smooth surface. The surface
profile is then given by the height function  (x, y) of the surface in the (x, y) plane. This
function is defined such that (h (x,y)) = 0. The root mean square of this distribution is
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Figure 4.3: Vertical and lateral resolution of different methods of measuring the rough-
ness of the surface. STM stands for scanning tunneling microscope, SEM for scanning
electron microscope and AFM atomic force telescope (adapted from [156])).

given by

@::¢%Lh%&”dﬂw—> (4.10)

where S is the area of the surface under consideration. This parameter measures in
fact the deviations relatively to the smooth plane and it is usually used to describe the
finishing /roughness of the surface. It can be measured experimentally by measuring
the height of several points of the surface.

Given the impossibility of knowing precisely the function / (x, y), it is associated to
this function a probability distribution P, (1), defined as the probability to find in the
vicinity of the point (x,y) an height in the interval [h, h+dh]. This probability distribu-
tion must reproduce the height distribution of the surface irregularities.

Figure 4.4 shows the profiles of two different surfaces, they have the same ¢;, and
probability function P,, but different spacing. The profiles are significantly different be-
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Figure 4.4: Profile for two different rough surfaces with the same roughness parameter
03,=0.24 ym and different correlations lengths, The surface with the smaller correlation
length is considered rougher (graphic taken from [158]).

cause neither 0, nor P, give information about the lateral distribution of surface heights.
This means that we have to pay attention to the correlation function between separated
points of the surface, defining a correlation function such that

(h (x1,y1) 1 (x2,92)) = 03C (X2 — X1,Y2 — Y1) (4.11)

where C (x2 — x1,y2 —y1) = C(r) is the correlation function of the surface. This func-
tion constrains the variation of the function % across the surface as function of the dis-
tance between the two points.

For an unknown surface profile or for a surface roughness that is produced by truly
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Figure 4.5: Definition of skewness (A) and kurtosis (B). The surface profiles shown
have different levels of skewness and kurtosis (adapted from [157]). The function P, is
represented for each surface profile.

random processes it is usually assumed a gaussian distribution for both distributions:

— 1 _ 2
P (z) = T exp (—z2/207) (4.12a)
C(r) = exp(—r*/T? (4.12b)

where T is a correlation length that is defined as the average distance that the correla-
tion function C (T) falls to 1/e. The correlation function is normalized in such a way
that C (0) = 1, A gaussian distribution of heights was observed in different surfaces
such as the lunar soil [159]], rubber [160], metallic deposits [161], fused quartz and ma-
chined copper [154].

However, some surfaces are not produced in a truly random process, thus different
height and correlation functions have to be considered. An exponential distribution for
both P, and C (r) is also common [162]

P,(z) = \/;U'h exp (— V2 2] /ah) (4.13a)
C(r) = exp(—|r|/T) (4.13b)

The surface profiles described by the probability functions and are sym-
metric relatively to the surface average plane. However some surfaces have an asym-
metric profile to measure this property we use the skewness of the surface which is
given by

_ 11 3
S1= 35 /5 1 (x,y) dxdy (4.14)

Positive values for the skewness means that the positive values of the function h(x, y)
are more disperse than the negative values. In this case the surface is characterized by
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pronounced and narrow peaks and wide valleys (glacier type). On the other hand when
Sy < 0 the surface is characterized by large plateau and narrow valleys (coombs). Sur-
faces with deep scratches or with the peaks removed have usually negative skewness.
Profiles with negative and positive skewness are shown in the figure .5} A.

The fourth momentum of the height distribution corresponds to the kurtosis. It
measures the heaviness of the tails of the probability distribution function of heights
and is given by

B O Y
K= 5 /5 1t (x,y) dxdy 4.15)

The kurtosis is usually referred to the gaussian distribution for which K = 3. Dis-
tributions with higher kurtosis (also called leptokurtic distributions) will have a more
pronounced peak of P, the exponential distribution is a leptokurtic distribution with
Kj = 6. Distributions with smaller kurtosis relatively to the gaussian distribution are

called platykurtotic distributions. Surface profiles with different kurtosis are shown in
the figure d.5}B.

The slope distribution

When the physical dimensions of the surface are not relevant for the observed reflec-
tion distribution the slope distribution is a very good approximation to fully describe
the roughness of the surface. In the slope distribution the surface is described by a col-
lection of small micro-facets each having a local normal n’ distributed around the the
global normal of the surface n. The slope of a certain elementary surface, «, is defined
by the angle between n’ and n. Given thatn - n’ > 0 then « is defined between 0 and 7.

Two sets of coordinates are at work when considering the reflection at a rough sur-
face: i) a global set {6;, 0, ¢, ¢, } relative to the global normal to the surface n and ii) a
local set, {9;, 9;, 4);, 4)’,} which is defined relative to the local normal n/, at a given point
of the surface (see fig. [4.6). The angles 6§ are polar angles, defined between 0 and 7
whereas the angles ¢ are azimuthal angles defined between 0 and 27t. Under the as-
sumption that the roughness is isotropic, i.e. that there is no preferable direction across
the surface, then the ¢; can be set to zero without loss of generality.

When the light is specularly reflected the law of reflection can be directly applied to
the local variables and 6, = 6 = ¢'. In this case 6’ and « are computed by the relations

cos20’ = cos6, cosb; — sin b, sin 6; cos ¢ (4.16a)
_ cost); + cos 0,
cosxy = ~eosd (4.16b)

The angles o between n and n” should be distributed according to a probability
distribution function P («), called the micro-facet distribution function, in such a way
that the function P («) dQ), gives the probability that the micro-facet with normal n’ lies
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Figure 4.6: The system of coordinates in the slope distribution model: i represents
the direction of incidence of the photons, v is the viewing direction, and n and n’ are
surface normal vectors, of the global (macroscopic) surface and of a local micro-surface.
Primed angles are measured relatively to the local normal n’.

within the solid angle d(),. More generally, for non-isotropic surfaces, the function P
should be written as P («, ¢, ), where ¢, is the azimuthal angle about n [163].

The probability distribution function P («) should respect the following normaliza-
tion condition}

+m 3
/ /2 P (a) cosasinadadp, =1 (4.17)
-t JO

such that the projected area in the average plane be the area of the plane surface itself.

There are different expressions for the slope distribution function that correspond
to different modellings of the surface. The most used distribution is perhaps the normal
distribution (Torrance-Sparrow) [7]. Here we report also the Trowbridge-Reitz distri-
bution [164].

The Torrance-Sparrow and Cook-Torrance distributions

The micro-facets model of Torrance-Sparrow [7] models the surface roughness as
a collection of mirror like micro-surfaces symmetrically distributed about the surface
normal, with a normal distribution

1 o?
P(a,0) = = exp <—F> (4.18)
4 o

1Some authors use a slightly different normalization with this integral equalized to 7. Therefore, the
factors 7t in the Cook-Torrance and the Trowbridge-Reitz distributions should be removed in this case.
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where 0, is the standard deviation of the angle «. This parameter measures in fact the
surface roughness.

If the heights distribution (P,) and correlation function (C (r)) are assumed both
gaussian then the parameters 0, T and oy, are related by [165]

U—Th — 05tan (\fza“) (4.19)

The function P (&, 0 ) of equation.18lis normalized as | j;o P («,0)da = 1 whichis
in contradiction with the normalization condition4.17] Thus, in this case, it is necessary
to introduce an artificial weighting factor to account for the difference between the two
normalizations.

Cook and Torrance have corrected the original Torrance-Sparrow hypothetical dis-
tribution so that it is normalized according to the expression 4.7, thus avoiding the
need of including arbitrary normalization factors [166]. They arrived to the following
equation:

1 tan’ «

where m (m ~ /20) represents the roughness of the surface. For low values of rough-
ness the Cook-Torrance and Torrance-Sparrow distributions are similar apart from a

factor of /7.

The Trowbridge-Reitz distribution

The Trowbridge-Reitz formulation ([164]) assumes that the surface is composed by
an ensemble of micro-areas randomly oriented and randomly curved. This ensemble
can be represented by an average ellipsoid surface irregularity optically smooth surface
symmetric relatively to the macro-surface normal. This average surface should have
the effect of reflecting the radiation in the same direction as the original rough surface,
thus producing the same reflection distribution . Therefore, the surface profile can be
represented by a large number of small identical average irregularities.

For the average irregularity Trowbridge and Reitz have proposed an ellipsoid of
revolution or spheroid (see figure[4.7). The two semi-axis of this spheroid are coplanar
with the average plane of the surface and and have the same length.

The distribution of heights of the spheroid is given statistically by (see fig. 4.7)

h2 1’2
=+

. r2
= 1 ie. h=+a 1—-—= (4.21)

-

r = /x?+ y? corresponds to the radius of the spheroid over the plan. The following
relation holds between « and the ellipsoid parameters,

dh
Pl tanw (4.22)
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4. MODELLING THE REFLECTION

Figure 4.7: The average surface irregularity used in the Trowbridge-Reitz-Model is
given by an ellipsoid of revolution with semi-axis a and b.

The two solutions in the equation 4.2]] correspond to convex (+ sign) and concave (-
sign) surfaces with the same probability distribution for the angle a. The computation
of the probability-distribution function of the angle « for the height distribution func-
tion of the equation 4.2 results in [164]

'72

7 (2 cos? a + sin? oc)z

PTR (IX, ’)/) = (423)
The parameter v = a/b is the oblateness of the surface and it corresponds to the ratio
between the semi-axis of the ellipsoid, for v = 1 we would have a sphere. It should be
stressed that the function £.23is sole dependent of the shape parameter 7y and not of
the size of the spheroid. The parameter 7 controls the width of the distribution, when
this parameter increases the spheroid becomes more prolate and the roughness of the
surface increases. The table[llshows typical values for the 7 for some common materials
measured by [164].

The function is correctly normalized according to the condition [4.17] thus the
values given by this distribution are absolute. This function resembles a Cauchy-Lorentz
distribution with ¢ ~ I'. Figure 4.8/ compares this distribution function with the corre-
sponding function of Cook and Torrance referred to above. As shown the Trowbridge-
Reitz function has a more pronounced peak and larger tails in comparison to the Cook-
Torrance function distribution.

The shape used by Trowbridge-Reitz is very similar to the shape of biological cells,
thus this function is useful for the modelling of the reflection from that type of surfaces.
It has been used specifically to modelling the reflection from leaves and bark and also
of the stratum corneum cells of the human skin [167].
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Table I: Value for the oblateness of the roughness for some materials.

Y
Concrete cement 0.5-1.0
Semi-glossy dark paint 0.05-0.1
Wood 0.5
Grass 1.6

(values taken from Trowbridge and Reitz, 1965 [164].)

2 4 6 8 10 12 14 16 18 20

a (dan)
&GEeg)

Figure 4.8: Comparison between the micro-facet distributions of Trowbridge-Reitz (a)
and of Cook-Torrance (b), for a roughness m = 7 = 0.1 respectively. They are both
normalized to P (x = 0) = 1. As can be seen the Trowbridge-Reitz function function
has longer tails producing larger angles of scattering.

4.3 The Scattering of Electromagnetic Waves at a Rough Sur-
face

The inhomogeneities of the surface are randomly distributed and are described by
the probabilities distribution of heights, slopes or the correlation function as discussed
above as discussed above. Thus, the scattering of an electric field in the surface will be a
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4. MODELLING THE REFLECTION

probabilistic problem. This problem is usually treated for a conductor/dielectric inter-
face. In this case the light cannot be transmitted from the dielectric into the conductor
and the electric field can be approximated to zero at the surface. We are, however, in-
terested in solving the scattering of an electromagnetic wave for a dielectric/dielectric
interface.

The scattering equations

When an electromagnetic wave arrives at the surface that separates two different
media it will be either scattered back or transmitted into the new medium. The gen-
eral expression for the scattered field E5 is generally obtained by solving the Maxwell
equations for a space free of charges and currents at the surface, satisfying the appro-
priate Dirichelet and Neumann boundary conditions .

Let it be an electromagnetic plane wave propagating thought a specific medium,
monocromatic and defined by the following scalar

Ey =exp [(k; - r — wt)] (4.24)

whose wave vector is k; arriving at the point B defined by the vector r/, at the surface
(see figure 4.9). The surface between the two media is rough by hypothesis. The me-
dia are both considered homogeneous and isotropic and to have different indexes of
refraction ny and n. The directions of reflectance and transmittance are given by the
wave vectors k; and k;. Using the coordinate system defined in the figure the wave
vectors are defined by:

2

k; = 7';110 (sin 6; cos P;@x + sin b; sin ¢;&y — cos 6;&;) (4.25a)
2

k, = 7;:10 (sin 6, cos ¢&x + sin 6, sin ¢, &y + cos 6,&,) (4.25b)
2nn , N . . " "

ki = — (sin 6; cos @y + sin 6; sin ;& — cos 6,8, (4.25¢)

where ny is the index of refraction of the first medium, n the index of refraction of
the second medium and A corresponds to the wavelength of the light in vacuum. The
angles 6;, 6, and 0; are those of figure 4.9 and ¢;, ¢, and ¢; the respective azimuthal
angles.

The roughness is described by the height function % (x,y). A point in the space
(x,y,z) belongs to the medium 0 if z > h (x,y) and to medium 1if z < h (x,y).

In what follows we consider the radiation to be monochromatic and unpolarized.

In both sides of the surface the Helmholtz equation holds [168]]:

VZE(r)+KE(x) = 0, z>h(x,y) (4.26a)
V2E(r) +KE(r) = 0, z<h(xy) (4.26b)
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where kg = zaﬂ and k = fl)\ﬂ, and E (r) corresponds to the electric field in a specific
point of the space defined by the vector r. We are mainly focused in the reflection mode,
thus only the first equation will be considered. The calculation of the transmitted field
is however similar and can be found here [168],[169]].

The application of the Maxwell equations to the surface results in the following
Dirichlet and Neumann boundary conditions, respectively

E (r) ’z:lﬁ(x,y) = E(r) |z:h*(x,y) (4.27a)
[BE (r)} [BE (r)]
o' |t (xy) L )

(4.27b)

with it and h~ representing the surface function when approached from above or from
below the surface, respectively. n’ is the outward normal to the surface given by

n =1 <_h;éx-h;éy4-éz) (4.28)

where 1), = W, hy = %;'y) and v = \/1 + (W) + <h’y>2. The derivatives 52, =
n -V.

The Helmholtz equation is solved by using the Green’s theorem yielding the fol-
lowing result [146,[170]

E(r) = %ﬁds (G (r,f) VE(Y) —E (r') VG (1,1) ] (4.29)

G is the Green function satisfying the same continuity requirements ad the field E and
r’ points to any point in the surface. The closed surface S is the limiting surface of the
volume in the upper plane Vj and can divided in two parts, the upper half sphere of
infinite radius S* and the rough surface S’ described by the roughness function z =

h(x,y) . .
fds= [ asv+ [ as (4.30)
S 5% s
The integral in S* results in the incident field Ey. Thus we have for the total field
1 JE (v) dG (r, 1)
E(r) = Fo(1) + o [ dS' [G () 20D g () 2C10T) (4.31)

where the integral term of the equation4.3T] corresponds to the scattered field ES". In a
perfect conductor the electric field in the surface is zero E (r') = 0 and only the second
term of the integral remains. However this approximation is not suitable for the case of
dielectric-dielectric interfaces.

The Green’s function is usually represented by a spherical wave [171]:

exp (ikg|lr — '
G(ry) = i;’;”_r,‘ J (4.32)
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2 A
Incident Wave
P Reflected Wave
Medium ng Y
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Figure 4.9: System of coordinates used to derive the intensity of the scattered waves
(transmitted and reflected).

Given that the spherical light is measured at a great distance from the surface (in com-
parison with A) thus the far field approximation (kor > 1), or the Fraunhofer diffraction
limit, is valid and the following approximation holds [172]]

exp (ikolr —r'|) P (iko V242 = 2r r’) _ exp (ikor — ik, - 1)

s r r (433)

the derivative of the Green function is given by:

/ . _ . . /
M =n'-VG(r,r) = —in’- krexp (ikor — ik, - ') (4.34)
on r
thus we have for the scattered electric field,
exp (ikor) [ ., or OE (1) :

Escat = W // dS/ { [lkrﬁ E (l'/) +1 on’ exp (—lkr . I'/) (435)

where r is the magnitude of the vector r.

The Kirchhoff approximation

The integral in eq. cannot be solved analytically in most cases due the com-
plexity of the function & (x,y). It is however possible to solve this integral numerically
[158,[173], these methods provide rigorous solution. However these methods are com-
putationally expensive in time and memory and more practical approximations to the
integral are usually performed. One solution is to use a perturbation approach [174].
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4.3 The Scattering of Electromagnetic Waves at a Rough Surfa  ce

In this method the reflected field is the sum of the solution from a smooth surface plus
a small perturbation due to the roughness effect. This approach is however restricted
to smoother surfaces.

Another more convenient approximation is the Kirchhoff approximation also known
as the tangent plane approximation. This approximation assumes that each point of the
surface has the same optical properties of its tangent plan defined by the local normal
n’ [I75]. Thus, the scattered field is given by the sum of the reflected field originating
at each local plane as given by the Fresnel equations. This approximation requires the
radius of curvature of the roughness to be small enough in comparison with the wave-
length of the light, thus requiring the surface to be locally flat. Assuming as above that
the incident field is plane wave, Ej (r') = exp (ik; - r’), then the field and field deriva-
tives (OE (r') /on’) are given by [176]]:

E(r)=E () + B () = (1+R)exp (iki-r) (4.362)
aE (1‘/) B an (l'/) N aEscat (1‘/)
on’  on’ on’

= in’-k; (1 —R)exp (ik; - r') (4.36b)

where R = E/E is proportional to the amplitude of the reflected electromagnetic field,
as given by the Fresnel equations, for unpolarized light. This factor has to be calculated
at every local tangent plane to obtain the reflected wave [169]. A similar approximation
can be performed for the transmitted wave [177].

Inserting and [4.36b] into the equation we obtain for the scattered field
[171]

iexp (iikor)

Escat (1‘) — T
S/

dS'[(1-R)ki+ (1+R)k,] -n'exp (ik - ') (4.37)

where k = k; — k; is the variation of the wave vector after reflection [178] (see equations

[4.25)

k = ko {(sinb;cos$; — sinb, cos ¢;) & + (sinb; sin ¢; — sin b, sin ¢, ) &y —
(cos 0; + cosb,) &, } (4.38)

In the small slopes approximation the local normal of the surface n’ not far from the
global normal (« ~ 0, h, ~ 0 and h;, ~ 0). Hence, in this approximation we can define
the following identity

F (n' K, k,) =[(1-R)k;+(1+R)k,/]-n’ (4.39)
which can be approximated to F (n, k;, k; ). The integral4.37is then given by

iexp (ikor)

ESCat (r) — 47_(r

F [ dS"exp [ik - 1] (4.40)
S/

which gives the field reflected wave in a more manageable form.
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4. MODELLING THE REFLECTION

The intensity of the electromagnetic field

The roughness of the surface means that the electric field E scattered at the surface
will be correlated with its roughness. The electric is a random function of the position
and is given by an average field (E), the so called coherent field, plus a fluctuating field
F usually referred to as the incoherent field [177]:

E(r) = (E)+F(r) (4.41a)

(F(r)) = 0 (4.41Db)

The coherent field contributes only in the specular direction whereas the incoherent
field contributes in all directions. In the limiting case of a flat surface the scattered

intensity consists only in the coherent field.
The intensity of the scattered electromagnetic wave field is I = E (r) E* (r). We have

EE* = (E) (E*) 4 (E) F* + (E*) F + FF* (4.42)

The average intensity can be written as the sum of the coherent and incoherent
contributions

(1) = Ic+1Ip (4.43a)
e = ZHE)P (4.43b)
Ip = 5(EP)=5{EP) ~51E)P (4439

The factor % will be further omitted for convenience.

The coherent reflection

The integral4.40/will be computed over a rectangular region with dimensions A and
Bin x and y respectively. The productk - r can be writtenas k - r = kyx +k,y + k.1 (x,y),
thus we have for the integral in equation 4.40]

] = / dxdy exp [ikyx + ikyy] exp [ik:h (x, )] (4.44)
S/
The average field of the illuminated area is given by

_ iexp (ikor)
C dmr

(E) (J) (4.45)

The surface is supposed to be isotropic thus the average does not depend of the coordi-
nates x and y being only performed in z, thus,

(J) = /5' dxdy exp (ikyx + ikyy) (exp [ik:h (x,y)]) (4.46)
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The average in the integral corresponds to the characteristic function of & (x, y), which
is determined by the probability distribution function. Thus [176]

1 = (exp (i (x,9)) = [ Z dzP () exp (ik,2) (4.47)

which means that x; is in fact the inverse Fourier transform of the probability distribu-
tion function, P, [178]].

Assuming that the dimensions of the illuminated area S are much larger than the
wavelength of the light A we havel

(J) = x147%6 (kx) 6 (ky) (4.48)
Thereforeg
(I11)* = 478|x1 |6 (kx) 6 (ky) (4.49)

where S is the illuminated area. Both k,, k, were defined in equation The delta
functions can be put in the form [176]

50— 0,)5 (6,
5 (ke) 8 (ky) = IE% — Gi)cos<(gz-> (4.50)

Therefore, the coherent field intensity is given by

o= CRUNSF o [BP ga)p pO6 800 ) (g

- 1671272 k3 sin 0; cos 6;

where |Eg|? = (exp (ikor))? corresponds to the intensity of the incident field.

The coefficient 2 can further simplified. At the specular direction 6; = 6, and
¢i = ¢, and thus k; = A T (sin;éyx + — cos6;8,) and k, = ZT” (sin 6,&x + cos 0,&,) then
we have:

F? = 4k3R? cos? 6; (4.52)
R? corresponds to the factor F defined in the equations#.8aland {.8b] Finally
_ (exp (ko) F> 1o (exp (ikor))” A8 (0 —6:)0(¢r)
Ic = 622 (N = " Scos0;FA Sing; (4.53)
where A = |x1 ]2 corresponds to the relative intensity of the specular spike. We con-

clude from the above equations that the average field is only observed at the specular
direction where the reflected waves are all in phase. This is in fact the specular spike
that is observed in the data.

IThe identity J (x) = 5= fj’;o exp (ixu) du was used
2where we have % j;:l‘:x dxexp (iky) 6 (kx) = (Xmin — Xmax) 6 (kx) and % jyyn:‘:x“ dyexp (iky) 6 (ky) =

(]/max ]/mm) s (k )
3Note that 6 ( y( N=Yx ‘g 0 (x — x;) with g (x;) = 0
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The intensity of the coherent field needs to be related with the radiometric quanti-
ties, namely the bidirectional reflectance function o¢ (appendix [A) The function oc is

given by (equation[A.T4)

= 4.54
¢ = 300, (4.54)
where ®; is the light flux impinging on the surface that is given by
®; = |Eo|*S cos b; (4.55)
and S cos 8; corresponds to the projected viewing area of the surface.
The Dirac delta function can be written a[1 79
. 1

i’ corresponds to the symmetric vector of i relative to the plane defined by the surface.
Itis givenby i’ =iy —i  =i—2(i-n)n.
Thus we arrive at the following BRIDF function

0= F (91',' n, K) A (91'; /\, U'h) 0 (I‘ — 1/) (457)

where the delta function ensures that this component is present only at the specular
direction.

The intensity of the coherent reflection is decreased by a factor A relative to the
corresponding perfectly polished surface. This factor is dependent of the height distri-
bution function P, of the surface. Usually, a gaussian distribution (equation [4.13b) is
assumed for the probability distribution function P,. In such a case, it can be shown
that

47t1o03, cos 9i>2 (4.58)

A =exp{—g} with g:< y

thus the intensity of the specular spike decreases when the decreasing of the wave-
length of the incident light. Therefore, in the rare gaseous scintillation detectors a sur-
face appears to be rougher than if it is illuminated with visible light. The description
of the roughness of the surface can be consequently an important issue. The inten-
sity of the specular spike is also dependent of the angle of incidence 6;. If the angle of
incidence is increased the surface looks more polished.

LIf the set of coordinates of u is related with the cartesian coordinates via u i = u; (xq,x2, ..., X ) With
i =1,....,n then we have for the delta function

S(x—x) = %(5(u—u')

] is the jacobian given by | = det [%}
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When the surface is illuminated at the normal incidence (cos 6; = 1), the intensity
of the specular spike is reduced to

2
A =exp(—g) =exp [— <47mTOUh> ] (4.59)

This equation is known as the total integrated scatter (TIS) formula and it is used as a
standard method to measure the roughness of a metal [180, 181} [182].

In many situations the height distribution of the surface does not follow a gaussian
distribution function P,. It generally depends how the surface has been produced. The
assumption that the distribution function is exponential is also common and written as

1 2
P, — exp [ — V22| (4.60)
V20, Oh
For this distribution the characteristic function A can now be computed [186]
. 2
=|l— (4.61)
(1+g/2)

where ¢ follows the same definition of the equation[4.58

The coherent transmission

The intensity of the transmitted coherent field is computed in a similar manner as
for the reflected component. For a gaussian distribution, P,, the intensity of the trans-
mitted coherent field is given by [171}[176]]

2
Ig) = Fexp [— <477t cos 00y, (1’1 — 1’10)> ] (4.62)

this equation is very similar to the equation of the reflected field with the index of
refraction of the first medium replaced by the difference between indices of refraction.
For the majority of interfaces of interest we have (n —ny) < ng, therefore the relative
contribution of the coherent transmission relativelly to the transmitted light will be
larger than the relative contribution of the coherent reflection for the reflected light, i.e.
the effect of the roughness will be smaller for the transmitted wave.

The incoherent intensity

The intensity of the incoherent field Ip is computed through the equation

o = 42872 (P - () 463

- 16722

97



4. MODELLING THE REFLECTION

the |(J) \2 was computed previously and is given by the equation4.48] The term <\ ] \2>
requires the introduction of the correlation function C(r).

The derivation of the intensity of the incoherent field is not shown explicitly here,
however it can be found in [176), [183} [184, [185]. We only show the expression for the
coherent intensity /specular lobe when the surface is described by both a gaussian dis-
tribution function of heights and a gaussian correlation function. The reader can find
more details in [187]. Therefore we have for the specular lobe

1

were g is given by the equation [4.58 with 4 cos 6; replaced by 2 (cos 6; + cos 6,), F is the
Fresnel factor. P is given by the following geommetric series and D is a geometric factor

2T2 o m
8 2 12\ 12
P 0 L i [ (kx n ky) T /4m} (4.65a)
1 2
D = e (cos 8; + cos 6;) (4.65b)

where T corresponds to the correlation length, defined in[4.12bl G corresponds to the
shadowing-masking term, the nature of this term will be discussed in 4.4l

Using the local coordinates defined in section 4.2 the equations and [4.65b| can
be written as

2
DP ncos4 Zm'm exp [— tan” (a)g/m| (4.66)

where the function g is the effective correlation given by:

2
¢ = (kog [cos 0; + cos 6;) (4.67)

The coherent field for the Trowbridge-Reitz surface profile

In the original paper of Trowbridge-Reitz [164] no coherent component was consid-
ered, the calculations are shown below.

In the Trowbridge-Reitz function the height distribution is defined a priori, thus the
intensity of the specular spike can be computed using the average function defined
in the equation This average function can be expanded in the following sum of
integrals

2 2 2

n ‘% /S'Sm [kzh(x)]dxdy‘
(4.68)

where S is the assembled area and S > k;h (x,z). For symmetric profiles, the second
integral is zero.

A= ‘% / exp [ik:h(x)]dxdy
S

= '%/Scos [kh(x)]dxdy
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Table II: Statistical properties for surfaces described by a spheroid (ellipsoid of revolu-
tion) and a elliptic cylinder.

Spheroid Elliptic cylinder

Average height (|h|) A,  (2/3)a (t/4)a
Root mean square oy 0.235a 0.224a
Skewness Sy, -0.58 -1.14
Kurtosis K; 2.4 3.5

Let us consider the height distribution defined by Trowbridge-Reitz

h(r) = +a <1 — Z—i) (4.69)

One important feature of this profile is that it has concave and convex shape according
to the sign +. This profile is dependent of r, which is a cylindrical coordinate > =
x? + y?, thus the differential dxdy should be replaced by rdr.

This integral was solved numerically for different dimensions of the axis of the
spheroid, 2 and . However, we observed that the intensity of the specular spike (A)
was independent of b, thus it is independent of the shape of the spheroid. The results
for A are shown in the dashed curve in the figure[4.10] as function of 47ta/A. The results
show that the intensity of the specular spike is a periodic function of the dimension of
the oblate. This periodicity is a consequence of the imposition of a upper and lower
limit to the height distribution function.

Many materials are composed by ellipsoids that are packed together producing an
asymmetric surface profile. This is especially true for biological materials such the
leaves or the human skin. In this situation, only the upper level of the spheroid is visi-
ble and used in for the reflection of the light. We will call to this surface hemispheroid.
The height distribution of this surface is given by

h(r)=a <1 - Z—i) - %a (4.70)

the second term forces the condition (h(x)) = 0. The relevant statistical properties of
this distribution are displayed in the table [ We observe that the standard deviation
of the height distribution 4.70]is only dependent of the axis a of the hemispheroid. The
skewness of the surface is independent of a and b, the value is negative meaning that

14 is collinear with the axis of revolution of the spheroid.
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Figure 4.10: Intensity of the specular spike component as function of 47ra/A for the
spheroid surface. For the gaussian PDF it is used the root mean square shown in the
table [l
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Figure 4.11: Intensity of the specular spike component as function of 47ta/A for the

elliptic cylinder surface. For the gaussian PDF it is used the root mean square shown in

the table Il
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4.3 The Scattering of Electromagnetic Waves at a Rough Surfa  ce

Figure 4.12: SEM Image of a non polished PTFE [188].

we have a larger dispersion for the points of the surface below the average plan. Due
to the asymmetry of the height distribution the sine integral in the equation 4.68 is not
zero and should also be computed. In fact this term removes the periodicity observed
with the equation[4.69

The intensity of the specular spike for the functions is shown in the figure
and compared with the intensity predicted by the full spheroid. It is also shown
the intensity of the specular spike for a gaussian distribution P, (equation with
0, = 0.235a (see table[[l). The intensity of the specular spike predicted for the gaus-
sian probability distribution function P, is the same of the hemispheroid for A > 0.05.
Below this value the intensity for the hemispheroid decreases slowly with 47ra/A.

The image (see sectiond.2) shows the surface of the PTFE viewed by a SEM mi-
croscope. This image shows that the PTFE has a fibrous nature. This fact suggests that
the modelling of the surface by a elliptic cylinder should also be considered. As before,
only the upper part of the curve is able to reflect the light, thus the height function with
the axis parallel to the surface is given by

h(x) =a (1 - ’;—§> - a% (4.71)

the spherical coordinate r is replaced by x and the integration performed in dx instead
of rdr. The statistical properties of this profile are shown in the table[[ll This surface
profile has a larger negative skewness (i.e. the height function is more assimetric) and
a larger kurtosis than the spheroid.

The intensity of the coherent field predicted by the elliptic cylinder and half ellip-
tic cylinder is shown in A is in general larger for the elliptic cylinder than the
spheroid. A significant amount of coherent reflection is observed even for large dimen-
sions of the elliptic cylinder.
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The Kirchhoff approximation that was used to obtain these results is only valid
when the radius of curvature of the surface r. is larger than the wavelength of the
incident light. In the spheroid and in the elliptic cylinder, the maximum radius of cur-
vature of the surface is obtained at & (x) = 0 or & (r) = 0 where the radius of curvature
is . = a. Thus the Kirchhoff approximation is not entirely correct for these types of
surfaces and to obtain an exact solution it is necessary to compute numerically the scat-
tered electric field

4.4 The Geometric Optical Approximation

When the physical dimensions of the surface irregularities are larger than the wave-
length of the light (¢;,/A > 1) the problem of calculating the scattering of the light at
the surface can be analyzed using a geometric optical approximation (GOA). In doing
so, we ignore all wave like effects and for instance the coherent field component. The
optical phenomena such as the reflection and transmission are described by the concept
of light rays. This so called geometric optical approximation can handle even surfaces
with different scales of roughness and include the scattering by multiple reflection ef-
fects. The geometric optical approximation is a simpler approach easier to compute and
to describe in comparison to the wave theory. However, it fails to predict the specular
spike and all wave like effects that can occur at the surface and it is necessary to include
then by hand.

In the geometric optical approximation the surface is usually assumed to be com-
posed by an ensemble of micro-facets, curved or planar. The dimensions of these micro-
facets are presumably much larger than the wavelength of the incident light. Each
micro-facet is defined by a local normal, n’, oriented according to a probability distri-
bution function P («) (section4.2). The probability distribution function is presumed to
depend of the angle « = arccos (n - n’).

The incident flux of radiation impinging at an element J A of the surface is

dq)l' = Li CcOos 9[ 0A dQl (472)

where L; is the radiance of the source and d(); is the solid angle subtended by the
incident beam. Let the surface have some randomness. The number of normals n’
pointing within a solid angle dQ)’ is Pd(Q)’ and the effective area of the micro-facets
whose normal is within the solid angle d()’ is Pd()’ §A. We assume that the micro-
facets have no preferred direction, in which case P = P(«). Thus the incident flux at a
micro-facet is

d®! = L;cos 6! 6AdQ;PAQY (4.73)

Therefore, the specular radiated flux by the area A into a direction r is given by

o’
=i pdqy (4.74)

do¥ = FGd®, = FG dd;
cos 6;
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Figure 4.13: Illumination of a rough surface with flat facets with the same area JA by a
distant source. The micro-facet (b) whose normal is aligned with the incident direction
receives more light comparatively to (a) and (c).

Figure 4.14: Relation between the solid angle subtended by the micro-facet dQ)’ and
the viewing solid angle d()'. In specular reflection, the micro-surfaces whose normals
point within a solid angle dQ)' radiate towards v, within the solid angle dQ),. In this
case a simple relation holds. Since dQ) = mfhiczose/, and 1? = (v —i)?, consequently,
dQ), = 4cos@ dCY.
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4. MODELLING THE REFLECTION

where the geometrical attenuation factor G accounts for shadowing and masking be-
tween micro-surfaces [189] and the Fresnel coefficient, F, expresses the fraction of light
that is reflected at the surface with normal n’ (thus it is computed for the local angle
6). The ratio cos 6/ cos 6; expresses the fact that the micro-facets which normal is ori-
ented towards the direction of incidence receive a larger fraction of the incident flux of
radiation. Figure shows that for the same illumination conditions the micro-facets
with smaller local angle of incidence (/) receive more light in comparison to those more
inclined.

In the specular reflection, the local angle of incidence 6; is the same of the local angle
of reflectance 0, and we have 0] = 6, = ¢’

The relation between dQ)’' and d(), is obtained assuming that the source is at a great
distance from the micro-facet, such that the rays that arrive to the micro-facet are nearly
parallel between each other. In we observe that only the normals n’ that lie within
the solid angle dQ) are able to reflect into the solid angle Q),. The vector h=r—iis
such that |h| = 2cos 0’ and the respective solid angle is given by d()’ = dQ|flf|‘2’s % Thus

the following relation holds

I de
dQ) = 4.75
4cos b (4.75)

The BRIDF function is defined as o(6;, ¢;, 6, ¢r) = %}m* (see appendix[4), therefore
we have

1
QS (Gi/ (Pi/ 97’/ (PV) = 4COS 01' PPG (476)

The geometric attenuation coefficient

In general, in a rough surface there are areas that are shadowed by neighbor pro-
truding tips. This shadowing effect occurs mainly when the surface is illuminated at
large angles of incidence, 6;. Similarly there is also a masking effect when part of the
flux reflected from a fully illuminated facet is intercepted by an adjoining micro-facet
(see fig. [4.15). These effects are proportional to the roughness of the surface and in-
crease with increasing the angles, either the angle of incidence or the angle of reflection.
Therefore, it is necessary to account with this factor in the description of the reflectance
distribution.

The geometric attenuation factor G which takes into account these effects, describes
the fraction of light from a specific incoming direction i that is effectively reflected in a
specific direction v. Hence G describes the fraction of the micro-facets that contributes
to the reflected flux at a given angle 6, and for a given angle 0;.

In figured.15/the surface is described as a collection of flat micro-facets as prescribed
by the Torrance-Sparrow [7]. However, shadowing and masking effects are obviously
not exclusive of this model and should be considered regardless of how the rough sur-
faces is described.
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No Interference

‘ Masked

Shadowed

Figure 4.15: Shadowing and masking effects in a rough surface. The light reflected in
the masked microarea is intersected by another part of the surface and is not able to
reflect specularly the light.

Below we describe two approaches that lead to explicit forms of the factor G: i) the
Torrance-Sparrow approach developed in the framework of a model of a set of micro-
facets and ii) the general approach due to Smith to tackle shadowing in general grounds
[189].

The Torrance-Sparrow geometric attenuation factor

The Torrance and Sparrow model describes the specular reflection by a set of plane
specular reflecting micro-facets. Symmetric V-groove all lying on the same plane where
considered to account for the masking and shadowing effects (figure £.16). The upper
edges of the cavity lie in the same plane. Only the light that is reflected once in the
cavity is added to the specular lobe, the light that is multi-reflected win the cavity is
assumed to be reflected diffusely. Thus the geometric factor is given by the fraction of
the micro-facets that contributes to the specular lobe,

G=1-(m/l) (4.77)

where m /1 is the fraction of the micro-facet with a specific local normal n’ that is shad-
owed or masked. Torrance and Sparrow computed the two effects separately and con-
cluded that [7]

G (91'/ 0y, (Pr) = min (1/ Gmsk/ Gshd) (478)
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Masked

Sha dowe d

Figure 4.16: Shadowing and masking in the micro-facets with the model of Torrance-
Sparrow (adapted from [7]).

where G is the fraction of light that is blocked by adjacent micro-surfaces and Ggpqw
is the fraction of the surface that is shadowed by the micro-facets neighbors,

c _ 2coswacos b,
msk cos ¢’

C _ 2cosacost;
shd == cos @’

« and 0’ are computed using the equations4.16al and 4.16b]

This computation is however very restricted to this type of micro-facets and can-
not be applied for example to the Trowbridge-Reitz model. This formulation is also
independent of the surface roughness which is not realistic.

Smith shadowing theory

Models for shadowing and masking using a height distribution model for the sur-
face roughness are usually more realistic. Expressions for the geometric approximation
factors were derived by Wagner [190] Beckmann or Smith [189]. Both the Wagner and
Beckmann factors assume a gaussian correlation function. However many surfaces do
not show a gaussian behaviour. The Smith model has no such restriction and it can be
applied to other distributions of slopes such as the Trowbridge-Reitz model. Accord-
ing to Sadiku and Nelatury [191] the Smith model give the best results when compared
with the Wagner and Beckmann descriptions.

The Smith shadowing theory considers a smooth surface upon which are superim-
posed positive and negative undulations of height generated by a stationary random
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4. MODELLING THE REFLECTION

process described by the probability function P(z), which represents the average planar
surface and the actual points of the surface along z (see section 4.2).

The probability that a point in the surface could reflect incident light with an angle
of incidence 0; into the direction 0; is given by:

7T

G(6,6,,¢,) =H (9; -3

) H (6~ g) G’ (8;) G’ (6,) (4.79)
where H is the Heaviside step function and accounts for the fact that no light can be
reflected if the local angle is above 71/2. For the specular lobe 0] = 6, = 0'. G’ (6;) and
G’ (6,) are monodirectional terms and give the probability that no part of the surface
intersect the incident or reflected rays. To compute this factor is necessary to describe
statistically the surface. Usually it is assumed that the surface heights are statistically
uncorrelated with the slopes of the surface [192], thus G’ is only dependent of the dis-
tribution of slopes P («).

For the Cook-Torrance distribution (equation4.20) this term was found to be given

bytll [193]
G'(0)

2
= 4.80
1+ erf () + miﬁe*”ﬁ (4.80)

where
m=1/(mtan6,)

For the Trowbridge-Reitz distribution (eq. 4.23) the mono-directional term is given by

G'(6) (4.81)

2
1+ 1+ 12tan20

These two mono-directional terms and [4.81] are compared in the figure for
three different roughness parameters. The attenuation observed for the Trowbridge-
Reitz is generally higher than for the Cook-Torrance distribution. For example the
shadowing predicted for the Trowbridge-Reitz distribution for oy = 0.07 is similar to the
shadowing predicted for the Cook-Torrance distribution for m = 0.14. This is caused
by the greater likelihood of the larger slopes in the Trowbridge-Reitz distribution (see
figure[d.8) which are more likely affected by shadowing and masking.

For low values of roughness (7 <0.07 or m <0.07) the shadowing and masking
effects are small, in fact G’ > 0.99 for 8 < 85° in the Cook-Torrance distribution and
8 < 70° in the Trowbridge-Reitz distribution.

The figures|4.17(a)| to[4.17(d)| compare the geometrical attenuation factors predicted
by the Smith theory (eq. and [4.81)) with the geometrical attenuation factors of the
Torrance-Sparrow model (eq. 4.79) for different roughnesses and angles of incidence.
As shown in fig. the intensity of G predicted by Torrance-Sparrow does not
change with the roughness of the surface, unlike the Smith shadowing term. It has a
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Figure 4.18: Limitations of the shadowing-masking factor. Left: the shadowing will not
reduce the intensity of the specular lobe. Right: the masking effect does not take into
account that the light can be reflected or refracted again in the surface.

maximum in the direction of incidence which is not observed with the Smith formula-
tion.

The current formulation of the shadowing and masking effects has an important
limitation. The light that is reflected (or refracted) is not considered any further in the
reflection distribution. However, the shadowing of the micro-facets does not reduce
the intensity of the incident beam, instead the light will be reflected by other micro-
facet and will be eventually end up be reflected by somewhere else (see figure 4.18).
Therefore, a normalization of the function P is necessary

T

27 / * P («) G (6;) cosasinada = 1 (4.82)
0

However this normalization is dependent of the angle 6;, thus increasing the complexity
of the distribution function.

The masking reduces the intensity of the specular reflection because the light has
already been reflected by the micro-facet, however the light at the surface can be dou-
ble reflected or it will be refracted. The refracted light will increase the intensity of
the transmitted components or when the internal scattering is dominant in the new
medium the light will be part of the diffuse lobe.

45 Reflection from Diffuse Materials

Early attempts to explain the diffuse reflection phenomenon of a surface attributed
the effect to the reflection of countless small mirrors (Bouguer hypothesis), however
this hypothesis could not explain how perfectly smooth surfaces can also exhibit diffuse

lwith erf (z) = \/L; Jo exp (—t2) dt
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reflection [194]. In fact the origin of the diffuse reflection can be traced to two different
phenomena.

In dielectrics the diffuse reflectance is normally associated with the “internal re-
flectance” that occurs in the subsurface of a material that is inhomogeneous, whose in-
homogeneities serve as scatters centers in a otherwise uniform dielectric medium with
index of refraction n. Examples of such materials include rubber, ceramics and plastics
(e.g. PTFE). The light that refracted to the inhomogeneous dielectric will be scattered
many times before it returns to the first medium; due to the multi-scattering nature
of this reflection the direction of the photons will be quite random and usually well
described by the Lambertian model [195].

If the reflection occurs at a surface of a conductor material this reflection mechanism
is not present, because the light is absorbed within some nanometers of the surface,
killing any internal scattering. Nevertheless diffuse reflection can occur in this case
originated from multiple reflections that occur in a rough surface. Conductors have a
reflectance which is in general higher than in a dielectric. Hence, even at normal inci-
dence multiple reflection can be important. However this phenomenon is of different
nature and cannot be confused with the phenomenon of body reflectance mentioned
above. Here we will discuss in detail the diffuse reflection by a dielectric.

Lambertian model

The first empirical description of the diffuse reflection was made by Johann Hein-
rich Lambert. He observed in the eighteenth century that some materials appear equally
bright independently of the viewing angle. He published this result in his work Pho-
tometria in 1760, thus establishing the Lambert law [196]. According to this law the
surface’s radiance is constant, i.e. the radiated intensity distribution of specular sur-
faces has the form

op (6,) = ‘; cos 6, (4.83)

where p; is the albedo defined as the ratio between the light flux which is diffusely
reflected relative to the light incident at the surface.

The factor % is a normalization coefficient such that the integral over the hemisphere
is one

T

+% Q b( +% _

/ / ) sing,do,d¢p — Ezn /0 cos 6, sin 6,d6, = 1 (4.84)
The albedo p; is an important parameter in climatology because it controls the
amount of energy absorbed by the Earth thus affecting the temperature of the envi-
ronment. Table [Illshows the value for the albedo of some typical surfaces. As shown,

ice and snow have the highest albedo and soil the lowest.
The Lambertian model is a purely phenomenological model and sometimes it is
an inaccurate approximation to describe a body reflectance. In fact a pure Lambertian
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Table III: Typical values for the albedo for some materials illuminated by incident solar
radiation.

Fresh deep snow 0.9 [197] Dry sand 0.35 [198]]
Snow in the antartic plateau 0.8 [199] Asphalt 0.15 [198]]
Frozen white ice 0.7 [200] Wet dark soil 0.08 [198]]

reflection do not exist between two media with different indices of refraction because
part of the light will be always specularly reflected.

The radiative transfer theory

The phenomenon of the internal scattering of the light caused by the inhomogeneities
of the dielectric constant (body reflectance) is similar to the scattering of incident light
upon stellar and planetary atmosphere caused by the gaseous molecules [201]. The
scattering in the atmosphere is described by the radiative transfer theory of multiple
scattering and the same theory can be applied to the internal scattering in a dielectric.
The scatter particles in the medium are assumed to be located randomly in the medium,
thus the phase correlation between the the incident and scattered waves is zero. In a
medium without sources of radiation the light can be absorbed or scattered by parti-
cles of the medium, thus the intensity of the light (I) inside these scattering medium
obeys to the following equation of transport (figure (for a detailed derivation see

/ 1(6,9)

Y

S s
#
-
K4
5
#

Figure 4.19: Definition of the angles used in the equation of transport of light in a
scattering media.
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Figure 4.20: Definition of the scatter angle

[202, 203, 204] )

dI (z,cos 9,
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ascat  p2m pt7/2
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4t Jo  J-ns2

where a and a5 are the absorption and scattering lengths respectively. The phase
function x (fs) (also called scattering indicatrix function or scattering diagram) is a
probability density function which characterizes the angular distribution of the light in
the medium, it is dependent of the angle of scattering 65 defined in the figure[d.20l This
function is normalized such that

= | xtesdaa=1 (4.86)

For the Rayleigh scattering this indicatrix function is given by x = % (1 + cos?6s)
which corresponds basically to the angular part of the Rayleigh cross section. The
Rayleigh scattering is only valid for particles of small size comparatively to the wave-
length of the light. For larger particles the Mie scattering should be used [205].

The majority of materials have a distribution of particles with different sizes and
the phase function of single scattering cannot be applied. For that reason the empirical
formula of Henyey-Greenstein[206] is used generally to describe the internal scattering

2
x(0) = g @87)
(14 g% —2gcosfs)?

where the parameter g is an asymmetric parameter that controls the distribution of the
light. When ¢ = 0 the scattering is isotropic, if g > 0 it is predominantly emitted
forward and for ¢ < 0 it is predominantly backward [204].

Using the Henyey-Greenstein empirical formula the modelling of the internal scat-
tering (eq. 4.85) usually requires the evaluation of three parameters: the cross section of
absorption, the cross section of scattering and the asymmetry parameter g. These three
parameters change with the wavelength of the incident light, this fact is responsible
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abs

Table IV: Scattering length a°*, absorption length
PTFE.

and asymmetric factor g for the

Wavelength Scattering Length ~ Absorption Length ~Asymmetric Factor

A (Xscat (Xubs g

nm cm™! cm™!

300 119 £95 2.31 0.591 £+ 0.0396
488 444+ 1.8 3.96 £0.16 0.836 4+ 0.0057
633 26 £1.5 3.64 £0.12 0.8895 £ 0.0276

for the colored appearance of many dielectrics. An estimative of these parameters for
the PTFE was made by Hueber et al [207]. The results show that the anisotropy factor
is positive, thus the scattering is mainly in the forward direction and it increases with
the wavelength of the light. On the contrary, the scattering length increases with the
wavelength.

The light that is scattered inside the material returns eventually to the first medium.
Thus it is also necessary to describe the reflections and refractions that occur at this
transition of medium.

The Wolff model for diffuse reflection

Given that diffuse reflection of light is associated to multiple scattering underneath
the surface it means that the light enters and exits the interface and as such it should
satisfy the Fresnel equations both at the entrance and at the exit (see fig. 4.27).

Below the surface of the dielectric light is presumably scattered isotropically (x (6s) =
1) thus the reflection distribution is azimuth independent relatively to the normal of the
surface and regardless of the direction of the incident light. With such approximation
the scattering of the light can be calculated using the Chandrasekhar diffuse law (de-
tails about this function can be found here [208]). As we have previously discussed, the
isotropic behaviour was not observed for the PTFE, however we are mainly interested
in describing the boundary effect.

The first order contribution to the diffuse reflection corresponds to the light that is
refracted into the material surface, scatters among the surface inhomogeneities and re-
turn back to the original medium making an angle of 6, with the normal to the interface.

(figure .27). Given the Fresnel equations only the fraction {1 —F (9,-, %) } will be re-

fracted into the material and only the quantity will be able to exit to the first medium
{1—F (sin™! [2sin6,],™)}. Thus the BRIDF is given by

1
¢p = —cos 0,01 W (4.88)
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Figure 4.21: Diffuse reflection in result of internal scattering of the light in a dielectric-
air interface [6]. The light can be reflected at the interface dielectric/air leading to more
subsurface scattering.

The term W is the Wolff Fresnel term given by

W= {1 _F (91-, %)] x [1 _F (sin_l (% sine,) %)] (4.89)

p1 corresponds to the first-order diffuse albedo, calculated using the diffuse law. This
quantity is nearly constant for the majority of the angles of incidence [6].

However, the light can be reflected in the interface dielectric-air returning back to
the dielectric and producing more subsurface scattering. This can eventually occur
multiple times until the light is absorbed by the dielectric or refracted out in which case
it returns to the original medium (fig. B.21). The total diffuse albedo is given by the
sum of all contributions

1
op = — cosf, {o1+pIK+ K> + ..} (4.90)

the term K accounts for the all the internal reflections, it is nearly constant for significant
values of p;. A detailed description of this factor is described in the original paper by
Wolff [6].

The geometric series shown in the equation 4.90| can be replaced by

o= (491)

p; is called the multiple-diffuse albedo.
The BRIDF for diffuse reflection is then given by

1
¢p = —cos 0,00W (4.92)
This equation is a modified Lambert Law. The factor W changes the dependency

of the reflection function; specially whenever 0; or 6, approaches to 90°. Therefore op
goes to zero much faster than predicted by the Lambert law.
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Figure 4.22: Dependence of the Wolff Fresnel correction (equation[4.88) as a function of
the reflection angle 0, for the angles of incidence 6; indicated. These curves are for an
interface air-dielectric if n = 1.35 (full lines) and n = 1.50 (dotted lines).

The factor W is represented in the figure for an interface air-dielectric (19 = 1,
n; =1.35 and 1.50, which are common in dielectrics) as function of 6,. For a given
angle of incident this factor is almost constant until 60°, after that it decreases to zero.
The factor W for 6, = 0 decreases from about 0.96 at normal incidence to about 0.4 at
0; = 85°.

The factor F <9i/ nio) (equation4.89) is dependent of the polarization of the incident
light. However after several scatterings in the interior of the material the light will be
in principle unpolarized and F (6,,1,/n) should be computed always for unpolarized
light.

The diffuse reflection at a rough surface

The roughness of the surface affects the distribution of the diffused light, increasing
the observed radiance when the viewing direction approaches to the incident direction
[209]. This effect is caused by the foreshortening of the microsurfaces, the microsurfaces
whose normal is aligned with the direction of the incident light receive a larger amount
of light. To take into account for this effect we used the model proposed by Oren and
Nayar ([144]). This model showed to successfully describe the reflectance distribution
observed from various materials [209].

In the Oren-Nayar model the roughness of the surface is described by micro-facets.
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Each micro-facet is assumed to be Lambertian reflecting the light according to the Lam-
bert law. These micro-facets are described by the local variables («, ¢, ) measured rela-
tively to the global normal (see section4.2). The orientation distribution of the micro-
facets is described again by the function P («, 0, ), (see section [4.2)).

Due the roughness of the surface radiometric phenomena such as masking, shad-
owing and also inter-reflections between the surfaces (section 4.4) and need to be ac-
counted with the shadowing-masking factor.

The intensity of the reflected light by a smooth surface is given by the Lambertian

law to be
do, P1

dQ, =«
where @, is the reflected flux, ®; the incident flux and p; the albedo of the surface.
Considering that the rough surface is composed by a multitude of lambertian micro-
facets then the diffuse reflected intensity should be given by the integral over the micro-
facets as

®d; cos 0, (4.93)

do, _ P /q){cos 6.GPdQ),
dQ, =« !
where, as before, the factor Pd(), is the fraction of micro-facets whose normal point

within the solid angle d(),. The flux CD; is the flux incident in each micro-facet. Taking
into account that ®; = (cos6})/ (cos 6;)®; (equation 4.74) then

4.94
COS & (4.94)

/

' GPAQ, (4.95)

dQ), cosb; i

do, [ / cos 6! cos 0
cos o

Thus the BRIDF (¢ = gg; / ®;) due the direct illumination by the source along the direc-
tion (0;, ¢,) is given by

1 cos 0! cos 0,
= GPdQO 4.96
Qu= oL cos 0; cos 6, / CcOS & “ ( )

where ¢ corresponds to the BRIDF given by the Lambertian law, ¢, = £ cos6,. The
local angles of incidence, 6/, and reflectance, 6;, are given by

0; = —sinacos¢,sinb;+ cosacosb; (4.97a)

6, = sin0, sin ¢, sinasin ¢, + sin 6, cos ¢, sin a cos P, + cosa cos b,  (4.97b)

The case in which light is multiple reflected at different micro-facets is ignored. If
those are considered we have an additional term ¢, which is proportional to p?. This
factor is also accounted for in the original article of Oren-Nayar [144].

Oren and Nayar have used the normal distribution for the function P. The shadowing-
masking factor is described using the Torrance-Sparrow model of the V-groove sym-
metric micro-facets. With such functions these integrals are too complex which discour-
age any analytical approach. Therefore, Oren and Nayar parametrized numerically the
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integrals 01 and ¢ in the form [144]

e =002 = N =T (1= A B+ piC) cost, (4.98)
where
2
A = 0.50%
210
2
(o
B = —045—% _H(— inat 4.99
2 1 0.09 (— cos ¢y) cos ¢, sina tan B (4.99)
o2 20, \ 2
= 017——2% — [1- (2™ 41
¢ 0 a§+0.13[ ( n) C05<Pr] (4.100)

and o, is the width of the distribution P(«) given by the Torrance-Sparrow distribution;
H(x) is the Heaviside step function; 6,, = min(6;,6,), and 6y = max(6;, ;). In a perfect
smooth surface (0, = 0) the equation[4.98 reduces to the Lambert law.
Figure[d.23]shows the intensity of the Oren-Nayar correction factor (1 — A+ B + p,C)

as function of the viewing direction, for four angles of incidence. In the figure it
is shown the relative contribution of each term of the Oren-Nayar factor for an angle
of incidence 6; = 65°. When ¢, < 90° the term B is zero and the correction ¢; is only
dependent of the surfaces’ roughness being smaller than the respective Lambertian re-
flection. For ¢, > 90° this correction term B is dependent of the viewing and incident
angles. This factor gradually increases with the viewing angle and becomes larger than
one for angles larger than the angle of incidence. The curves shown in and in
are azimuthal dependent and are maximal for ¢, = 180°.

The main drawback of the parameterization developed by Oren-Nayar (equation
[4.98) is that it cannot be directly applied to other distribution of micro-facets or shad-
owing function. Thus to compute this effect for the Trowbridge-Reitz distribution is
necessary to compute the integral again. The solution was not found anywhere in
the literature, thus we have computed ourselves the result.

The shadowing-masking factor is given by the Smith model which for the Trowbridge-
Reitz model is given by the equation 4.81l In contrast with the work of Oren-Nayar it
was found an analytical solution for the integral when the following approximation is
used.

G~ G (6;,)G (6,) (4.101)

the Heaviside function was left out therefore this function does not depend of the local
angles and does not need to be integrated.

Then the equations for the local angles [£.97a and are introduced explicitly in
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Figure 4.23: Oren-Nayar correction factor for the Torrance-Sparrow distribution and
for various angles of incidence and a roughness of ¢,=0.28.
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Figure 4.24: Correction introduced by each term of the factor given by the equation[4.98]
for an angle of incidence 6; = 65°, 7, = 0.28 and p;=0.9.
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4.5 Reflection from Diffuse Materials

the integral £.96] resulting in the following six double integrals
7T
00 = oG (0;)G (6,) {— tan 6; tan 6, sin ¢, /

—T7T

COS P sin P depy / B Psin® ada
0
+7 7
— tan 0; tan 0, cos ¢, / cos? Padepy / Psin® ada
-7 0
+7 7 )
—tan0; / CoS P d¢p, / P cos a sin” adw
-7 0
+7 z 7T z
+ tan 0, sin ¢, / sin ¢, de, / P cosa sin® ada + / d¢, / P cos® a sin ada
-7 0 —7 0
+7 z
+ tan 6, cos ¢, / cos P d¢y / P cos a sin® ocdzx} (4.102)
-7 0

where ¢ = £ cos6,.

The micro-facet distribution, P, is now given by the Trowbridge-Reitz distribution
Due the integration in ¢, only the second and fifth integrals are different from
zero. The computation of these two integrals gives the following result for o1

01 = oLN = 0.G' (6;) G’ (6,) { Ny — tan 6; tan 6, cos ¢, N} (4.103)

The N is an angular term dependent of the incident and viewing directions and N a
constant term independent of those directions. They are given by

1 72 arctanh ( V1- 72)
1—92 1—92 /T— 2
N 7 - 7 (2= arctanh ( V1-— 72) 4.105)

2(1=7%) 1—72 V1—192

arctanh, the inverse hyperbolic tangent, is defined as

No =

(4.104)

arctanh (z) = % [log (1 +z) +1log (1 —z)] (4.106)

The intensity of these two terms is shown in the figure as function of 7, as
shown the angular term increases with the roughness of the surface at the expenses of
the constant term.

The correction factor N = ¢1/0r for the Trowbridge-Reitz distribution is shown
in the figure for different angles of incidence and reflectance and for ¢, = 0 and
¢» = 180°. Like in the normal distribution it is also observed an asymmetry in the angle
Ir.

The Heaviside term in the shadowing-masking term is not accounted in the equa-
tion However, it should be introduced to describe the ¢; at large angles of inci-
dence and reflectance.
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Figure 4.25: Correction introduced by the constant term N (solid line) and the angular
term N\ (dashed line) of the equation 4105}
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Figure 4.26: Roughness correction for the Trowbridge-Reitz distribution

120


kumac/Oren/oren_data_tr_2.eps
kumac/Oren/oren_data_tr.eps

4.6 A Semi-Empirical Model for the Reflection

The Wolff-Oren-Nayar model

The effect introduced by the Fresnel factors in the two refractions of the light in
equation .89 should also be included in the Oren-Nayar model. Now each micro-
facet is assumed to reflect the light according to the Wolff model, and the respective
correction term, W, should be included in the integral [4.96]

— 1 ' / /
Q= QLGS 9, cos 0; / W (6 6r)

Nevertheless for the majority of the angles of incidence the factor W remains almost
constant when the surface is only slightly rough and can be taken out of the integral.
Thus the reflectance function has the form

op ~ p—nlW(Gi,Gy)Ncos 0, (4.108)

cos 6/ cos 0,

" GPAQ, (4.107)

where N is the correction factor introduced by the Oren-Nayar modell It is given by the
equation for the Torrance-Sparrow distribution and by for the Trowbridge-
Reitz distribution. The equation[4.108]is usually used for intermediate levels of rough-
nesses, for higher roughness the Oren term is dominant and the computation of the
factor W using the global angles instead of the local angles is not correct.

4.6 A Semi-Empirical Model for the Reflection

In the previous sections the different physical processes that are involved in the re-
flection by a rough dielectric surface were described. The specular reflection at a rough
surface was described using a scattering model and a geometrical optical approxima-
tion (GOA). The diffuse lobe was associated to the internal scattering and described
by the Wolff-Oren-Nayar combined model. The specular lobe described by the GOA
model is easier to describe and compute, however, as previously mentioned, the spec-
ular spike cannot be predicted by the GOA. Therefore, to describe the experimental
observations we used a mixed model approach, with the specular lobe described by
the GOA and the specular spike described by the wave scattering Kirchhoff approxi-
mation. Using such approach the ¢ function is given by

0=0pt0st0c (4.109)
with
op = p—nlNW cos 0, (4.110a)
1
o0s = (1-A) Toos QiFPG (4.110b)
oc = AFGS(r—1i) (4.110¢)

n the original paper of Wolff et al (1998, [210]) the correction factor is slightly different from [£.108]
because only A of the Oren-Nayar correction term is considered.
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4. MODELLING THE REFLECTION

0p, 0s and g¢ correspond to the diffuse lobe, specular lobe and specular spike.

The coherent contribution oc was obtained using the physical model described in
the sectiond.3]and is weighted by the factor A which describes the fraction of light that
undergoes coherent reflection. This factor is given by the integrals in the equation4.47,
This component is dependent of the distribution of the heights on the surface (section
4.2).

The specular lobe ¢s is described by the geometrical optical approximation de-
scribed in detail in the section4.4l It is weighted by the factor (1 — A) and dependent
of the micro-facet distribution P («). The surface structure is characterized by the prob-
ability distribution functions P, and P, both dependent of the roughness of the surface.

The BRIDF is dependent of five parameters, namely p;, x, 1, 0, 0, the wavelength A
is usually known but occasionally it can be also included in the parameters. The three
contributions mentioned above are dependent of the Fresnel equations, thus they are
dependent of the optical constants n and . Both o3, and o, (7 if using the Trowbridge-
Reitz distribution) characterize the roughness of the surface. The optical constants and
the multi-scattering albedo are dependent of the material itself and change with wave-
length of the light. The five parameters are reduced to four whenever the material have
a significant attenuation coefficient ¥ and does not undergo diffuse reflectance.

The main advantages of this description of the reflectance are:

a) The parameters of the model are all physically motivated and can be obtained by
different experimental procedures [211].

b) In most cases the way light is reflected depends of the surface treatment and the
material properties. The functions A, P and G can be adapted accordingly to
accommodate different cases;

c) This approach can be applied irrespectively to either metals or dielectrics what-
ever are their levels of roughness.

In this study the specular lobe is described by the GOA model only. However, if
the wavelength of the incident light decreases the observed roughness of the surface
increases given that the light is able to inspect more details of the surface.

In the GOA model the attenuation factor can be approximated to A =~ 0. Therefore,
the coherent reflection disappears and we have for ¢ only two components

1
0 = %WNC059,+4C

FPG (4.111)
0s 0;

This approximation uses only three parameters (or four if extinction coefficient is in-
cluded) n, v and p;.

In the next chapter we will use this model to describe quite a bunch of experimental
data and show that these three or four parameters are sufficient to describe the obser-
vations.
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CHAPTER D

Reflectance Measurements in the VUV and Analysis

In this chapter we report the reflection measurements made for the PTFE and other
materials. These reflectance distributions were obtained using the goniometer mounted
in our laboratory and described in the chapter 2l The measurement procedure of the
different radiometric quantities, e.g. the conical reflectance, is described in chapter 3l
The data are interpreted using a reflectance model dependent of specific parameters
suffice to describe the reflectance in the hemisphere of reflectance, as detailed in the
(chapter H).

The experimental results cannot be compared directly to predicted values because
both the incident and viewing directions are not unidirectional as it is required by the
BRIDF definition. Thus we have to perform a transformation of variables and an inte-
gration over the incident and viewing solid angles (section5.I). The parameters of the
BRIDF are then fitted to the experimental observations and the best fitted values ex-
tracted. For the fit minimization we implemented a genetic algorithm which revealed
to be quite suitable for this optimisation.

The experimental methods were tested measuring the reflectance of copper, glass,
gold and quartz (section 5.2). These materials show only a specular spike and the
hemispherical reflectance can be directly obtained by the ratio between incident and
reflected fluxes, both of which can be measured in a similar manner. These results are
fitted using the Fresnel equations which are sufficient to describe the reflectance distri-
bution of the surface.

Reflectance measurements of various surfaces of PTFE and for the copolymers FEP,
ETFE and PFA were carried out. For the PTFE various samples were measured, either
polished and unpolished samples with different levels of roughness and manufactured
by different methods (skived, molded and extruded, etc.) and from different manu-
facturers. These results were fitted using a geometrical optical approximation (GOA)
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5. REFLECTANCE MEASUREMENTS IN THE VUV AND ANALYSIS

model mentioned above. The samples with less specular reflection are successfully de-
scribed by the BRIDF (¢ = op + 0s) neglecting the coherent peak of reflection. But the
samples showing a smoother look require the additional consideration of a coherent
reflection contribution.

The fitted BRIDF obtained for each sample is integrated in the hemisphere to obtain
the directional hemispherical reflectance factor and the bi-hemispherical reflectance fac-
tor (see appendix [A). These reflectances can be compared with the results obtained
using a total integrating sphere.

The reflectance of the PTFE is well studied in the visible specially because this ma-
terial is the standard reflector in equipments used in reflection measurements (section
[L.4). Therefore a sample of molded PTFE was also measured at larger wavelengths and
the results compared with the published values (section[5.7).

Part of the results shown in this chapter are published in the Nuclear Instruments
and Methods A [212] and in the Journal of Applied Physics [213]].

5.1 Estimation of the Reflectance Parameters

The transformation of variables

To interpret and understand the reflection of the surfaces, the measured quantities
were compared against the predictions of the BRIDEF, ¢. This means the fitting the free
parameters of the model to the data to extract the values of these that describe the
data best. However, the reflectance obtained with the goniometer, equation cor-
responds to a conical reflectance which is different from the BRIDFE. The BRIDF is a
bidirectional quantity and requires the incident and viewing directions to be unidirec-
tional. When the bidirectional reflectance of a surface is known in all the hemisphere
the directional-conical reflectance (measured) is obtained through the integration

1
Q" (2,0 = v un §) = - /Q 0(6;,6,,¢,)dQY, 5.1)

For simplicity this quantity is represented with the same symbol of the BRIDF, however
dependent of the experimental angles {v;, v;, P} These angles represent the position of
the sample and of the PMT relative to the incident light beam. These angles comprise
several incident and viewing directions inside the viewing, (),, and incident, ();, solid
angles. If the solid angles of the detector (), and of the incident beam (); can be consid-
ered infinitesimal the angles (6;, 6, ¢,) are given by (see figure

cos®; = cosv;cosy (5.2a)

cosf, = cosv,cosy (5.2b)
_ cosbjcosf, —cos (v; — vy)

cosgr = sin 6; sin 0, (5.20)
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5.1 Estimation of the Reflectance Parameters

Figure 5.1: Relation between the angles {v;, v, ¥} and {6;, 0,, ¢; }.

We considered the samples used to be isotropic, therefore we have ¢; = 0. However, the
solid angles, especially (), are too large and the BRIDF function can change significantly
within both ); and Q),. Therefore, we use a Monte-Carlo simulation to reproduce the
experimental conditions when fitting the BRIDF function to the data. This Monte-Carlo
simulation is described in detail in the appendix[Bl Here we outline only the main steps
of the simulation.

The Monte-Carlo minimization

In the Monte-Carlo simulation the photons from the proportional counter are gen-
erated inside a cone with an apex angle (€) obtained in the fit to the incident beam.
These photons strike at a specific point S in the sample which is well defined for each
direction. A random position in the slit in front of the PMT is sampled and the view-
ing direction is defined relative to this position of the point S. With these directions in
hand it is possible to obtain the global (6;,6,,¢,) and local angles (6’ and «). The BRIDF
o (6;, 0y, ¢,) can now be calculated upon a set of parameters. Several directions inside ();
and in the slit (that is inside (),) are generated and the reflectance is computed taking
the average of these directions of incidence i and viewing v

1
Q (Vilvr/ 1,’)) - N

=

0j (i,v) (5.3)
j=1

where N represents the number of directions i and v sampled. This number is depen-
dent of the variation of the bidirectional reflectance within the solid angles (); and ),.
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5. REFLECTANCE MEASUREMENTS IN THE VUV AND ANALYSIS

The diffuse lobe does not change strongly with both 6; and 6,. In this case it is not neces-
sary to sample a high number of directions (N is usually between 10 and 25). However,
both the specular spike and specular lobe are both very sensitive to the direction of the
photons and the number of directions needed is much higher, N ~ 250.

The parameters of o (6;,6,, ¢»), whose value are unknown, are extracted by fitting
the function to the experimental data to find the best values of the parameters that
describe the results. As discussed before the parameters of the reflectance function ¢
are

a) n, the index of refraction of the material, and the attenuation coefficient x (spe-
cially for metallic surfaces);

b) the roughness parameter, 7y for the Trowbridge-Reitz distribution and m for the
Cook-Torrance distribution;

¢) the multiple diffuse albedo of the surface p;;

d) a parameter which controls the amount of coherent reflection K (specially when
the surface is shiny);

the above parameters are put in a form of a vector p = {n,x,, p;, K}. The number of
parameters can be changed however the analysis of the data remain the same.

Each measurement can be represented by a generic vector r = {v;, v, ¢} in the co-
ordinates of the laboratory’s system (see chapter[2). As usual the best set of parameters
is the one which minimizes the x? quantity

N (o (r) — oF (1,p))°

where ¢! (r) is the observed reflectance and ¢f (r, p) is the estimated reflectance given
by the equation 5.3 Tyt corresponds to the uncertainty in the reflection measurement
and is given by the equation B.I7 The index i runs over all data points measured,
for every angles of incidence and of observation set for a given sample (in this work
N ~1000-3000 data points).

There are well known several minimization algorithms to find the best parame-
ters of a fit, notably, the Levenberg Marquardt algorithm (LMA) [214], the partial linear
methods (PLM) [215] and the genetic algorithms (GA) [216]. We implemented and opti-
mised a genetic algorithm to carry out the x> minimization of the problem at hand. This
genetic algorithm is described in detail in appendix[Cl The genetic algorithm does not
require the calculation of any derivatives of the minimizing function unlike the more
classic methods. Thus modifications to the model of reflectance can be introduced with-
out having to change the minimization code. Furthermore, the method is very robust
to local minima, which is a very important issue given the complexity of the function
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5.1 Estimation of the Reflectance Parameters

0. While the conventional methods search from a single point, the GA operates with
a population of points, this increases the chance of reaching the global minimum and
reduces the possibility to be trapped in a local minimum. Thus these type of algorithms
are more efficient to find a minimum when the space is poorly understood, the noise
signal ratio is large or the search space has many local minima.

The GA shows however some disadvantages relative to the other methods of mini-
mization. The main drawback is its speed, it can be considered a slow method compar-
atively to LMA or PLM. As usually the user needs to specify the search space, i.e. the
range of values which the different parameters can assume, when the minimum is out-
side this search space the fit will fail or it will converge slowly to the global minimum.
It is dependent of a set of internal variables (including the crossing rate, breeding rate
etc.) that affect the algorithm behaviour. However, these variables are problem depen-
dent and should be evaluated and fined tuned for the problem at hand.

Evaluation of the uncertainties in the parameters

The reduced chi-square obtained in the minimization is usually large because it is
not possible to describe all the details of the reflection distribution of the surface with
the simple model discussed above, thus the standard procedures to compute the errors
of the parameters are not adequate in this case.

To evaluate the uncertainties of the parameters we have followed the following pro-
cedure. First, separately for each angle of incidence, 6;, the observed reflection distribu-
tion is fitted with one variable parameter only keeping the others parameters fixed at
the values of x*> minimum, obtained in the global fit to all data. The root mean square
is computed for the parameters obtained this way for all measured angles, using as av-
erage the value obtained in the global fit. The uncertainty of each parameter is taken
as the respective root mean square. This technique is repeated for all other parameters
of the model. Moreover, it is also necessary to consider the uncertainty intrinsic of the
minimization method. This is obtained by repeating the x*> minimization of the same
data set for at least five times. The r.m.s. of the values of the parameters obtained is
computed. This relative error is normally below 2%. It is propagated in quadrature to
the final uncertainty of the parameters.
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5.2 The Reflectance of Smooth Surfaces

This section concerns tests of the experimental methods and data analysis methods
using different smooth samples.

The reflectance of quartz

Quartz is a crystalline material, usually very smooth, whose reflectance is peaked
at the specular direction. It does not absorb significantly the xenon scintillation light,
thus the Fresnel equations are only dependent of the index of refraction. The simplicity
of this characterization makes the quartz a good candidate to test the experimental
procedure and the alignment of our experimental system.

The reflection measurements were made using a sample of quartz 5 mm thick, for
different angles of incidence. The observations were fitted with the Fresnel equations
(eqé.8aland [4.8D)), with « = 0. The results are shown in table[lalong with the prediction
of the Sellmeier equations for quartz [217]. Although we do not know any fit to the
Sellmeier equations for wavelengths below 180 nm, we extrapolated the value of the
index of refraction to 175 nm.

These measurements are shown in the figure 5.2l together with the fitted curve, for

0.50 7
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0.35 |
0.30F
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Figure 5.2: The reflectance of the quartz for different angles of incidence. The curve is
the best fit of equations and to data.
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5.2 The Reflectance of Smooth Surfaces

Table I: Index of refraction and reflectance of quartz at normal incidence for the xenon
scintillation light

n R(6; =0°) X7
F (6, n)T 1.718+0.012 0.0698+0.0017 2.3
Sellmeier Equations [217] 1.710£0.008 0.0687+0.0012

T Fresnel equations, eq. E.8aland E8Blwith « = 0

angles of incidence higher than 40° The refraction index obtained is comparable with
the extrapolated value and within the experimental uncertainty. We measured the re-
flectance also for 6; < 40°, but given that the light is refracted into the quartz and is
partially reflected in the back surface of the quartz block and refracted again into the
original medium these data are difficult to analyse and were not included in the fit.

The attenuation length of quartz was directly measured introducing the sample of
quartz between the VUV source and the photomultiplier. The experimental method is
similar to the one used to measure the incident beam but from the fact that the sample
is now lowered (see section 3.I). The reduction of the photon flux at the two quartz
interfaces due the reflection was taken into account for,

02
K exp (—z/0) (5.5)

1
(n+1
where ( is the attenuation length of the material From the analysis of these data we
obtained a VUV attenuation length, ¢ of 13.48 4= 0.4 mm. This attenuation length corre-
sponds to a coefficient of extinction of

I=1(1—F)*exp(—2z/7) = Iy

A —6

Reflectance of glass

Light of wavelength smaller than 300 nm is usually absorbed in the glass. Thus, the
xenon scintillation light is highly absorbed and when measuring the reflectance of the
glass we should include the extinction coefficient, x, in the fit.

The reflectance of a glass as a function of the angle of incidence is shown in fig. 5.3
The curves represent the best fits of the Fresnel equations, with x = 0 (dashed line) and
with « # 0 a free parameter (solid line). The fitted values are both shown in the table [Il

The reflectance at 6; = 0° for a pure SiOy4 glass is known to be between 5-6% for light
of wavelength in the region 170-180 nm [219]. However, we measured the reflection of
a piece of glass whose specific type is unknown. Nonetheless, the observed reflectance
at the normal incidence is consistent with the value of pure silica.
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Figure 5.3: Reflectance of glass as function of the incident angle for light of wavelength
A =175 nm. The dashed line is the best fit setting ¥ = 0 in the Fresnel equations (eq.
[4.8al and [4.8D); the solid line is the fit with the Fresnel equations for absorbing media

(equations.5al and [4.5D).

Table II: Optical constants and reflectance at the normal incidence for the glass at light
of wavelength 175 nm

n X R (6, = 0°) 2
1.698 £ 0.008 — 0.0669 £ 0.0011 1.7
1.58 £0.05 0.20 £0.04 0.065 £ 0.007 22
Reflectance of copper

A high purity copper is used in the Zeplin III detector to achieve a low level of
radioactive background [60]. Therefore the reflectance of copper was measured with
the xenon scintillation light. Two samples of copper were measured, one polished and
another unpolished. The directional-hemispherical reflectances obtained for these two
samples are shown in figure[5.4
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Figure 5.4: Dependence of the reflectance of copper with the incident angle, 0; for a)
unpolished copper b) polished copper and c) expected value for the pure copper, [217].

The fitted parameters are shown in the table [IIl

The two samples of copper are from the very same piece that was carved to build
the Zeplin III detector used for dark matter search [60]. Contrary to the unpolished
sample, the other sample was polished and cleaned with a special chemical product to
remove the oxide layer.

The observation results are well fitted using the Fresnel equations for absorbing
media (egs. and [4.5Db). The optical constants of the two samples (polished and
unpolished) obtained from the fit are shown in table [IIl together with the published
values of these quantities ([217], [220]). The indices of refraction obtained are similar in
both cases. The fitted x is different for the polished and unpolished surfaces, 0.191 and
0.439 respectively, and smaller than the published value of 1.36 [217]. Consequently
the observed reflectance for the normal incidence is only 5% for the polished sample, a
value which is much lower than the predicted value of 30% [217].

The difference between these values can be explained by the presence of an oxide
layer deposited over the copper surface, respectively cuprous oxides Cu,O, CuO. The
oxide is a semi-conductor, thus it will decrease the conductivity of the material, de-
creasing the coefficient of extinction x. A lower value for x reduces substantially the
reflectance of the surface specially for lower wavelengths. When the surface is polished
and cleaned the oxide layer is at least partially removed. Nevertheless, in this case the
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Table III: Optical constants and the reflectance for copper at 175 nm

n K X2 R(6;=0)" R(2n)
Non-Polished 0.964 £+ 0.005 0.191 4+ 0.004 5 0.00905 0.07
Polished 1.036 £ 0.018 0.439 £+ 0.004 4 0.0480 0.13
(191 nm) [217] 0.96 1.36 0.3076 0.37
(188 nm) [220] 0.94 1.337 0.296 0.37
(177 nm) [221] 0.972 1.20 0.226 0.33

The obtained values are compared with the results obtained by different authors
T Directional-hemispherical reflectance at the normal incidence
1 Bi-hemispherical reflectance white-sky albedo (section[A)

sample was not kept in vacuum and it was partially oxidized between preparation and
measurement. In fact, the accumulation of the oxide is faster in the first minutes after
the removal of the oxide layer because the thickness of the oxide layer in the surface of
copper follows a logarithmic law of the type aln (bt + 1) where ¢ is the time of expo-
sition, both 4 and b increase with humidity and temperature [218]. Thus, we need to
be much more careful in handling the copper, avoiding contact of the sample with air,
both during and after cleaning the surface.

The presence of oxide layers increases the level of impurities in scintillation detec-
tors, particularly OH™ and decreases significantly the reflectance of the material. To
remove completely this oxide layer, the sample needs to be polished, annealed at about
450° and kept in a high quality vacuum (107 bar) [222]. However, the scintillation de-
tectors are not usually heated at these temperatures. Thus the reflectance of the copper
will be generally lower than expected.

In the simulation of the reflectance of the Zeplin III detector it is assumed a re-
flectance of 15% independent of the angle of incidence. Nevertheless, as is clearly seen
from the figure this assumption is wrong given that the reflectance is highly depen-
dent of the angle of incidence, being much smaller than 15% at the normal incidence.

Reflectance of gold

As part of this work we also measured the reflectance of gold for light with wave-
length A = 255nm. These measurements were not part of the bunch tests that were
carried out to test and validate the empirical set up and methods and are shown here.
for completeness and because of their similitude with those mentioned above.

These reflectance measurements were asked by the LISA collaboration and are needed
for the charge management system of the LISA pathfinder detector [223]. The measure-
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Figure 5.5: The reflectance of the gold as function of the incident angle for light of A =
255 nm. The curve is a fit of equations and [4£.5b] to data with two free parameters.
This yields for the index of refraction n=1.33+0.08 and for the attenuation coefficient
xk=1.671+0.05 .

ments were made with the collaboration of David Hollington, PhD student from the
Imperial College. LISA Pathfinder mission is designed to test the working principle of
a future a Laser Interferometer Space Antenna (LISA) for gravitational wave detection
in space [224] .

The gold is a noble metal and does not suffer corrosion or oxidation contrary to the
copper, thus its optical constants are well known. Nevertheless, the reflectance of the
gold can be altered due the roughness of the surface and each specific surface should
be measured whenever a detailed analysis is required.

The sample of gold used has a diameter of 25 mm and is deposited upon a glass sub-
strate. The sample used proved to be very shiny and with only a specular spike, even
for incident angles near the normal. Thus it is only necessary to use the Fresnel equa-
tions to fully describe the reflectance distribution, as discussed before. The reflectance
(ratio between the reflected and incident fluxes) is shown in the figure 5.5 the values
of the parameters obtained are shown in the table [Vl The value of the parameters ob-
tained are compatible with the experimental values published in [225], which are also
shown in the table [VIfor comparison.
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Table IV: Optical constants and the reflectance at normal incidence for the gold at 255
nm.

n x X R (6; = 0°)
Gold in glass substrate? 1.33£0.08 1.67£0.054 0.92 0.35140.008
(255 nm) [225] 1.33+0.02 1.688+0.007 0.35740.002

The results for the gold deposited in a glass substrata are compared with Johnson and
Christy [225]

T Directional-hemispherical reflectance at the normal incidence

' sample from the LISA pathfinder detector

Reflectance for Rough Fluoropolymer Surfaces

The study for the reflectance of the PTFE is necessary for a better understanding
of the scintillation chambers that use this material in their interior walls (see chapter
). The PTFE is an efficient diffuser for wavelengths larger than 200 nm. At the xenon
scintillation wavelength a relevant contribution from the diffuse component is expected
given that we are still placed above the absorption edge (figure [.13). Thus the study
of this material involves the measurement of at least two components of reflection: the
specular and diffuse lobe. These components are first described by an optical model
as described in chapter 4 involving the minimization of at least three parameters: the
index of refraction, the albedo and the width of the specular lobe.

5.3 The Characterization of the Samples

The reflectance distribution was measured for samples with different manufactur-
ing processes (molding, skiving, extrusion and expansion), different manufacturers and
with different surface finishings. The manufacture processes of PTFE is outlined in the
section[I.3] The physical and chemical characteristics of these materials is shown in the
table [Tl of the chapter[Il The physical dimensions of the samples used is shown in the
table [Vl As shown the samples used in this work have a rectangular shape with 20 to
30 mm height and 30 to 40 mm width and a thicknesses ranging from 0.5 mm (ETFE
sample) to 7 mm (molded extruded and expanded samples).

The polishing and cleaning process

The polished samples were finished with sandpaper from 3M® with ultrafine grain
(2000), then they were polished with a soft tissue. All the samples were cleaned with
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Extruded perpendicular cut Extruded longitudinal cut Skived sample

Figure 5.6: Representation of the measurement with the extruded longitudinal (a) and
transversal (b) cuts and with the skived sample. The vector g corresponds to the direc-
tion of extrusion and skiving, respectively.

acetone in an ultrasound bath during about 10 min with the exception of the PTFE
sample 5 mm thick. To reduce the water content in the samples they were heated in an
oven at 50°C during about 1 hour. Then they were transfered to the chamber and kept
in vacuum, during at least one day, before measurement.

Two samples were carved from a PTFE molded sheet from the Fluoroseals®. One
sample was polished, the other was not, thus it is possible to establish the effect of the
polishing in the reflectance distribution.

The two extruded samples were taken from an extruded rod with 20 mm diameter.
They were cut along and transversally to the direction of extrusion respectively. The
transversal cut is such that the direction of extrusion is parallel to the plane of incidence
(figure[5.6).

The expanded PTFE should be handled carefully and should not be squeezed or
pressed as this may alter its reflectance properties, thus it cannot be polished.

In the surface of the skived sample the scratches made by the cutting tool of the
manufacturing machine (section[1.3) are visible at naked eye. This sample was polished
up to the point that these scratches disappear. The measurements were performed in
such a way that the direction of cutting is coplanar with the optical plane as shown in
figure[5.6

The copolymers of the tetrafluoroethyelene share many mechanical, electric and
thermal characteristics of the PTFE (section[1.3), thus they can be used as an alternative
to the PTFE in scintillation detectors. We measured the copolymers FEP, ETFE and PFA.
The samples of these materials where kindly offered by the DuPount® de Nemours.
They are originally sheets A4 paper size; their references and thicknesses are shown in
the table [Vl The two surfaces of the sheets used have different optical properties which
can be distinguished clearly to the naked eye. One surface is clearly shiny and the
specular spike is visible even at the normal incidence. The opposite surface is rougher.
The measurements were performed using the smoother surface.

135


/home/claudio/ab/LBC/lbc.eps

5. REFLECTANCE MEASUREMENTS IN THE VUV AND ANALYSIS

Table V: Characterization of the samples used in the reflection measurements.

Manufacturer  Reference/ Thickness  Dimensions

polishing (mm) (mm?)
PTFE Molded Unknown Not polished 5.0 30x20
PTFE Molded Goodfellow®  Not polished 2.0 30x20
PTFE Molded Dongyang® Not polished 7.0 30x20
PTFE Molded Fluoroseals® Not polished 7.0 35x25
PTFE Molded Fluoroseals® Polished 7.0 35x25
PTFE skived Fluoroseals® Polished 2.0 35%x24
PTFE extruded || Fluoroseals® Polished 7.0 220
PTFE extruded L Fluoroseals® Polished 7.0 2520
PTFE expanded Fluoroseals® 7.0 30x21
PTFE 25% glass filled Fluoroseals® 1.000
ETFE DuPont® 200LZ 0.508 35x%x25
FEP DuPont® 4500L 1.143 35x%x25
PFA DuPont® 6000LP 1.524 35%25

A rectangular sample with 35x25 mm? was cut from each sheet of the copolymers,

they were not polished and were cleaned as above. These samples showed to be trans-
parent to visible light, but proved to be opaque at 175 nm, as concluded from the fact
that no light was detected by the PMT when the goniometer is in the configuration of
the measurement of the transmitted light (see figure[3.1] ¢)).

Observations with an optical microscope

The extruded and skived samples of PTFE were observed in a optical microscope
with different resolutions. The images obtained are shown in the figures 5.7/ and [5.§| for
two different amplifications. As shown, scratches are clearly seen in the surface. These
scratches are more intense in the skived sample than on the extruded samples. In the
extruded longitudinal cut the larger scratches have about 10 ym width and are clearly
visible at naked eye. The scratches are still visible at larger amplifications although the
majority of the surface is occupied by other type of roughness.
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(a) Extruded longitudinal cut

(b) Extruded perpendicular cut

Figure 5.7: Microscopic images obtained by an optical microscope. a) for the extruded transversal and b) extruded longitu-
dinal samples. Two different amplifications are shown.
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5. REFLECTANCE MEASUREMENTS IN THE VUV AND ANALYSIS

Figure 5.8: Microscopic image obtained by an optical microscope for the skived sample.

PTFE is a soft material with a high viscosity which is difficult to polish without
leaving any scratches. As observed in the optical microscope the finishing with sand
paper is insufficient to polish the PTFE surfaces. Nevertheless, good results can be
obtained when a laser technique is used. Gumpenberger et al [188] polished the surface
of PTFE with a F; laser irradiating at 157 nm, near the absorption edge of the PTFE. He
showed that when observed in a SEM microscope the sample showed to be featureless.
This could be a good solution to achieve a better polishing of the PTFE surfaces.

The inclination of the samples relative to the plane of measurement was always
set to ¢; = 0°, measurements were produced for about seven angles of incidence

Table VI: The apertures € used as controlled by the iris diaphragm placed near the
sample.

Small opening (deg) Wide opening (deg)
Extruded Longitudinal PTFE  0.343 &+ 0.004 0.4776 £ 0.0031
Extruded Transversal PTFE ~ 0.3771 4 0.0026 0.4778 + 0.0024
Skived PTFE 0.316 £ 0.005 0.4774 4 0.0019
Molded PTFE 0.265 £ 0.006 0.3407 £ 0.0012
FEP 0.3165 + 0.0005 0.4004 £ 0.0018
ETFE 0.3075 +£ 0.0009 -

T The apertures angles shown are an average for several measurements performed to the
incident beam with the same aperture in the iris diaphragm. The errors correspond to the
root mean square of the average value.
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6; € {0°,20°, 30°45° 55°65°80°} as shown in figures The light beam set for
the measurements are shown in the table [VIl

Each angle of incidence was measured for two different apertures of the iris di-
aphragm placed near the sample: i) a small aperture for the viewing angles near the
specular direction (typically v, — v;| < 20°), thus ensuring a good angular definition
of the specular lobe and ii) a larger aperture to measure all the viewing angles, thus
increasing the photon flux and reducing the statistical errors, specially far from the
specular angle. Therefore the specular lobe is measured twice. In each case we verified
that the intensity and shape of the specular lobe is always similar, thus ensuring the
quality of the experimental data and possible avoiding systematic errors. The aperture
angle € was measured by fitting the incident beam (section[3.1) and the values for some
samples are listed in the table [Vl

Probability distributions of micro-surfaces

The measured light reflected by different kinds of PTFE surfaces, illuminated with
xenon scintillation light are shown in the figures B.I1land B.12] The reflectance
distributions show both the presence of specular light and diffused light.

The shape of the specular lobe observed in the data is related with the surface struc-
ture function. The surface is modeled by an ensemble of micro-surfaces distributed
according to some (usually unknown) probability distribution function P(«) (see sec-
tion [4.2).

We compared the predictions based on two possible probability distribution func-

30 40 50 60 70 80 a0

PR RNEI SR NI
0 10 20

Viewi I d
Figure 5.9: Difference between the fit obtained with tII16e rgw IglggeI{T{(eitezg Ziistribution
(red curves) and the Cook-Torrance distribution (blue curves).
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Table VII: Values of the fitted for skived PTFE, using two different probability distri-
bution functions, as indicated

Probability Distribution Function n 01 X2
Trowbridge-Reitz 1.51 0.58 v =0.064 3.4
Cook-Torrance 1.43 0.59 m=0.069 5.5

tions: i) the Cook-Torrance function for V shaped micro-surfaces, Pcr, which is ap-
proximately gaussian for small roughness (section4.2)), and ii) the function deduced by
Trowbridge-Reitz for ellipsoidal shaped micro-surfaces [164], Prr (section4.2).

In the figure[5.9'we compare two fits of the BRIDF to the experimental data of skived
PTEFE for the angles 6; = (30°,45°,65°). The only difference between the two functions
is the probability distribution of normals, the Pcr in one case and the Prgr in other,
for the angles of incidence not shown in this figure the comparison is similar. The
values of the parameters obtained in the fit are shown in the table [VIIl Clearly the
Trowbridge-Reitz distribution describes the data much betterl]. It has a significantly
lower x? compared to the Cook-Torrance distribution. The tails are underestimated by
the Cook-Torrance distribution, a difference that is more pronounced for larger angles
of incidence. Consequently the index of refraction fitted assuming the Cook-Torrance
distribution is artificially low.

The same comparison can be established for the data shown in the figures
and 5.12] Therefore, we adopted this probability distribution function of Trowbridge-
Reitz in all what follows unless otherwise stated.

Reflectance distributions for the fluoropolymers

The reflectance distributions of the fluoropolymers obtained by different manufac-
turing methods are shown in figures B.11l and 5.12] along with the fitted curves.
In all cases we interpret the data in the framework of geometric optical approximation
and fitted the BRIDF function ¢ (6;, 6;, ¢») (equation A.11T) with free three parameters.
The value of these parameters are shown in table [VIIIl for the various PTFE surfaces.

The reflectance distributions show a similar behaviour in all measured types of
PTFE (extruded, skived and molded), with the notable exception of the expanded and
glass filled PTFE. In fact the reflectance of expanded PTFE appears to be quite differ-
ent from the rest, with less diffuse reflected light and a much broader specular lobe.
The PTFE glass filled does not exhibit diffuse reflection, which might be caused by the

In [226] the specular component was described using a Cauchy-Lorentz distribution P (a) =

%(&T’YVZ) which has a shape similar to the Trowbridge-Reitz distribution.
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absorption by glass content of this material.

Usually the non-polished samples showed a smaller albedo relatively to the pol-
ished samples. The albedo of the PTFE not polished (Fluoroseals® samples) is p; ~
0.36. It increased to p; = 0.82 for the molded polished sample. The lowest value for the
albedo was obtained for the expanded sample p; ~ 0.14 and the glass filled PTFE has
an albedo p; consistent with zero.

As expected, the non-polished samples of PTFE showed a larger value of roughness
comparatively to the polished samples. The molded unpolished sample 5 mm thick
has the broadest lobe of all the measured samples with v = 0.154 4 0.018. For the
polished samples the roughness obtained was between 0.014 and 0.064 for the molded
and skived surfaces, respectively. The expanded PTFE sample has also a broad lobe
with ¢ = 0.146 + 0.011.

The reflectance distributions obtained for three different fluoropolymer surfaces
(ETFE, FEP and PFA) are shown in figure 5.13] The values of the fitted parameters
are included in table [VIIIl The reflection distribution of the PFA is similar to the PTFE
samples, these two materials are chemically very similar (see figure [.6) and it is no
surprise that they showed similar reflection distributions at 175 nm. The FEP showed a
lower value for the diffuse lobe p; = 0.24. The ETFE diffuse lobe is very small p; = 0.07,
which possibly is caused by the low levels of fluorination and the presence of the C-H
bound in the material.

The index of refraction obtained is between 1.30 = 0.09 for the molded sample and
1.49 £ 0.07 for the expanded sample. For the copolymers the index of refraction is
between 1.25 (FEP sample) and 1.33 (ETFE sample). Thus the samples with narrower
lobes will have a lower index of refraction. In these samples the fit clearly fails to fully
describe the tails of the specular lobe. This suggests that the contribution from coherent
reflection should also be considered, and cannot be neglected in these cases. Hence, the
indices of refraction obtained for these fluoropolymers are under-estimated (table [VIII).
We will address this issue in a forthcoming section.
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Table VIII: Fitted values of n, p; and <y for the samples measured at 175 nm

Fitted Parameters

Fluoropolymer Manufacturing Method Data Points n 01 0% X5
PTFE Extruded L cut 570 1.35+0.03 0.73 £0.07 0.019 £ 0.010 26
PTFE Extruded || cut # 304 1.324+0.06 0.65+0.04 0.033+0.012 19
PTFE Skived! 618 149+ 0.07 0.580+0.013 0.064 £0.006 14
PTFE Molded* 622 1.30+0.09 0.82£0.09 0.014 £0.005 32
PTFE Molded not polished 238 1.52+0.04 0.36 £0.04 0.076 =0.003 4

PTFE Molded (Dongyang®) it 2223 1.51+0.07 0.52+0.06 0.057 £ 0.008 10
PTFE Molded 5 mm 413 147 +£0.04 0.301+0.06 0.154 £0.008 4.7
PTFE Molded 2 mm (Goodfellow®) 577 141+£0.04 0.4240.03 0.094+0.014 3.7
PTFE Expanded 239 1.56 +£0.05 0.14+£0.03 0.146 £ 0.011 1.9
PTFE Filled 25% Glass 477 1.61 +0.06 —* 0.050 £ 0.010 16
PFA 525 1.30+0.06 0.69 £0.05 0.012+£0.007 26
FEP 350 1.25+£0.10 0.244+£0.02 0.0092+£0.015 45
ETFE 252 1.33+0.12 0.07+£0.07 0.007 £ 0.003 46

T The "Extruded 1" and "Extruded ||" refer to cuts perpendicular and parallel to the extrusion direction.

! These samples were polished before the measurement.

T These measurements were taken for different surface inclinations.
i The filled sample was not fitted with a diffuse lobe.
* In this sample it was not observed a diffuse lobe.
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Figure 5.10: Reflectance distribution of PTFE produced by the methods indicated, as a

function of the viewing angle, for various angles of incidence. The curves are predic-
tions of ¢ (6;, 6, ¢») (eqEITI) obtained from a global fit to all data points measured for
each sample (that is one sample, one fit). The best values of the three parameters n, p;, y
are shown.
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each sample (that is one sample, one fit). The best values of the three parameters n, p;, y

are shown.
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Figure 5.12: Reflectance distribution of PTFE produced by the methods indicated, as
a function of the viewing angle, for various angles of incidence. The curves are pre-
dictions of ¢ (6;, 6, ¢) (eq EITT) after a global fit to all data points measured for each

sample, to the best values of the three parameters 1, p;, 7.
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Figure 5.13: Reflectance distribution for the fluoropolymers PFA, FEP and ETFE as a
function of the angle of incidence, measured in the plane of incidence p = 0°. The
curves are predictions of ¢ (6;,0,, ¢) (eqI1I) after a global fit to all data points mea-
sured for each sample, to the best values of the three parameters 1, p;, 7y.
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Measurement of the reflectance out of the plane of incidence

In the previous sections we discussed the measurements made in the plane of in-
cidence, for an inclination of ¢ = 0°. Nevertheless, it is important to measure the
reflectance outside the plane of reflectance to verify the consistency of the results ob-
tained.

The samples used for this measurement were all taken from an unpolished sheet
of molded PTEE sheet from Fluoroseals®, with a thickness of 5 mm. Each sample was
set to a specific inclination relative to the plane of incidence. The aperture of the inci-
dent beam used is 0.450+0.007° for the following directions of incidence v; and for the
surface inclinations, ¢ indicated

v; € {0°,20°,30°,45°,55°,65°,80°} @ 9 € {0°,3°,11°,20°}

The BRIDF function ¢ was fitted to the entire data set with all combination of angles
(2223 points in total), with three free parameters, yielding for unpolished molded-PTFE:
n =15140.07, p; = 0.52£0.06 and y = 0.057 £ 0.08. A subset of these results is shown
in Fig. for the angles indicated. The curves represent the reflectances predicted by
the overall fit to all data points measured, including the measurements out of the plane
of incidence. The model that is behind ¢ seems to reproduce the main features observed
in the data, despite the fact that data at high angles of incidence are included in the fit.
The last point should be emphasized since in many other studies of the problem of
describing the reflectance the models used cannot be used for angles larger than 60°.

These results show that for ¢; > 10° the specular lobe is highly suppressed, whereas
the intensity of the diffuse component does not change significantly, as would be ex-
pected for a consistent data set. Moreover, these results were obtained with different
samples showing that the results are reproducible.

The index of refraction for this sample is compatible with the index of refraction ob-
tained for the skived sample. In both situations the specular lobe is not underestimated
meaning that the index of refraction is not underestimated.
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Figure 5.14: The reflectance distribution of unpolished molded PT as a function of
the viewing angle (in degrees) and for the surface inclinations shown in the graphic.
The curves represent the predicted reflection upon an overall fit of the function p to
the entire data set (2223 data points in total), with three free parameters. The fitted

parameters have values: n = 1.51 +0.07, p; = 0.52 £+ 0.06, v = 0.057 = 0.008.
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5.4 The Coherent Reflection

5.4 The Coherent Reflection

The observed reflectance distributions for smoother samples show clearly the pres-
ence of a specular spike, corresponding to the coherent reflection. This is especially
notorious at large angles of incidence 6; > 80°. Thus it is necessary to include this
component in the description of these reflection distributions.

Analysis of the specular spike contribution with the angle of incidence

As discussed in the section[4.6] we parameterize the importance of the coherent re-
flection applying a factor A. This parameterization has been suggested by some authors
to be independent of the direction of incidence and is as such currently implemented
in the Geant4 simulation package (see chapter [l and [227]). However, as it is possi-
ble to assert from the figure this parameterization does not describe the results
obtained and contradicts the theory of reflection (see section 4.3). The intensity of the
specular spike is overestimated for low angles of incidence and underestimated at the
higher angles. Thus the data show as expected that the intensity of the coherent reflec-
tion increases with the angle of incidence and the approximation to a fixed ratio is not
correct.

Given that relative intensity of the specular lobe A = oc/ (oc + 0s) changes with
the angle of incidence, we should write (see equation 4.109)

PFG
4 cos 6;

0=0p+A(6;)FGS (v—1i") + (1 — A(6;)) (5.7)
The dependence of A with the angle of incidence and roughness of the surface can be
obtained with the equation which is dependent of the height distribution function
P, of the surface. This function is not known a priori for a particular surface. Therefore,
to study the dependence of A with the angle of incidence we need to perform a fit for
each angle of incidence individually, with three parameters (n,7, A). The parameter p;
is already known from the previous fit (it is related with the diffuse reflection not with
the specular), thus this parameter was fixed and n, v and A minimized individually for
each angle of incidence. The standard deviation is evaluated for each parameter.

The dependence of the parameters n (6;) and vy (6;) with the angle of incidence is
consistent with a constant, as expected. Therefore, both the n and v that characterize
the samples are obtained using a weighted mea. These results, shown in the table [X]
place the refraction index of the PTFE at A =175 nm between 1.47 and 1.50 (except for
the cases of expanded and fiberglass sample PTFE). The index of refraction of the ETFE
is then 1.467 a value close to that of PTFE. Both the PFA and FEP have indices of refrac-
tion of about 1.41, significantly lower than the PTFE samples. The roughness parameter

LR (ni/ 0f)
2

IThe weighted mean is obtained using (n) = T, (1/0%)

where i corresponds to each angle of inci-

dence. The same procedure was applied to .
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Figure 5.16: Relative intensity of the coherent reflection as function of cos6; for the
PFA. The points shown correspond to the intensity of the coherent reflection obtained
in the fits to each angle of incidence. The curves were computed using different func-
tions for A (6;), gaussian, exponential and the empirical function exp (—Kcos6;). The
parameters oy, or K were obtained using a global fit with all angles of incidence.

7 has increased significantly relative to the fit if the coherent reflection is neglected and
now is close to the values obtained to the rougher samples (skived and unpolished sam-
ples). On the other hand, it was observed that A, the relative intensity of the specular
spike (0 = oc/ (oc + 0g)), varies significantly with the angle of incidence as shown in
the figure[5.16l for a sample of PFA.

From this analysis we can try to obtain empirically a possible dependency of A (6;)
on the angle of incidence. To find this dependence, a global fit is performed to all angles
of incidence measured with a specific dependence for the function A (6;). The results of
this analysis are shown in table Xl for different realizations of A (;). The dependences
were calculated for a gaussian and an exponential height distribution of the surface
irregularities. The predicted relative intensity of the specular spike A for these two
distributions is discussed in the chapter The curves predicting the A dependency
are compared with the values of A (0;) obtained previously in the fit for each angle
of incidence (see figure5.16). However, as it is possible to assert from figure these
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Table IX: Average values of n and 7. These results are obtained by fitting each angle of
incidence with three parameters (n, v and A), then a weighted mean is performed for
each sample with the values obtained in each angle of incidence.

Sample n v

PTFE Extruded ;  1.47340.025  0.051740.0012
PTFE Extruded | 1.470+0.016  0.0693+0.0030

PTFE Molded 1.502£0.022  0.0622+0.0032
PFA 1.413£0.010  0.0475+0.0012
FEP 1.4087+0.0024 0.0594-+0.0020
ETFE 1.467+0.031

Table X: Fitted Parameters for reflection distribution of PFA using different attenuation
functions.

P, A (6) n o1 v o /AorK 2
GOA model 0 1.30 0.69 0.012 - 27
Gaussian exp (— gz) 1.392 0.653 0.0373 0.30 79
Exponential  [1/(1+g2/2)]> 1424 0653  0.0411 0.417 8.6
Empirical exp (—K cos 0;) 1438  0.641 0.0551 0.422 3.4

The function g, also called the optical roughness is given by ¢ = (47tn103,/A) cos 6;.

two distributions do not describe the results obtained because they fall faster with cos 6;
than it is observed in the data.

The data of the figure clearly suggests that A (6;) decreases exponentially with
cos 0;. Therefore, let’s assume empirically that

A = exp (—Kcos 6;) (5.8)

K is an empirical function that controls the intensity of the specular spike. The x? of
the fir largely improves if this equation is used (to 3.3, see table[X)). This dependency is
however empirical and is not possible to infer immediately the dimensions and distri-
bution of the roughness of the surface.

152



5.4 The Coherent Reflection

The reflectance distributions with the empirical model

The analysis described before was applied for the other smooth surfaces that were
measured, considering a function A given by the equation 5.8 The values of the pa-
rameters obtained in the global fit using all the angles of incidence are shown in the
table XIl The x2 decreased significantly in all cases relative to the results obtained in
the model with a diffuse plus a specular lobe. The x? of the molded PTFE decreased
from 32 to 7.4, the x2 of the FEP sample decreased from 45 to 5.7. Thus the introduc-
tion of this contribution is essential for a correct description of the observed reflectance
distributions.

The intensity of the specular spike predicted by the equation 5.8/ is shown in figure
B.I7 as a function of cos6;. The value for the parameter K was obtained in a global
fit using all angles of incidence. These curves are compared with the intensity of the
specular spike obtained in the fits for each angle of incidence. The dependency A =
exp (—K cos 6;) seems to be well supported by the data from all surfaces measured.

These samples have different levels of intensity of the specular spike, with K rang-
ing from 1.0 to 4.3. They have also different treatments of the surface, the PTFE samples
were polished and the copolymers FEP, PFA and ETFE were not polished, yet all exhibit
a similar form for A (6;). Thus, the function of eq. 5.8 is not restricted to a specific type
of surface.

The observed width of the specular spike is merely instrumental due to the aperture
of the incident beam and of the aperture of the photo-detector used in the experiment.
Both in the fit and in the data the specular spike has a certain width. The coincidence
between the width of the specular spike observed in the data and in the fit shows that

Table XI: Fitted values of n, p;, v and K for the samples indicated measured with
light of 175 nm and with the relative intensity of the specular spike given by
A =exp (—Kcosb;).

Sample Fitted Parameters

n oL s K Xv
Extruded (L) PTFE 1.5040.03 0.69+0.07 0.0554-0.007 3.0+0.3 8.4
Extruded (||) PTFE 1.464+0.04 0.6340.07 0.066£0.008 4.34+0.5 8.5

Molded PTFE 1.4540.04 0.74+0.07 0.049+0.015 1.7£0.2 7.4
PFA 1.44+0.04 0.69£0.05 0.057+0.006 24+04 3.3
FEP 1.41+£0.02 0.22+0.04 0.052+0.009 1.2+0.4 57
ETFE 1.4440.03 0.13+0.01 0.040+0.010 1.0£0.2 11
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Figure 5.17: Relative intensity of the coherent reflection as function of cos 6; for the dif-
ferent samples measured. The points shown correspond to the intensity of the coherent
reflection obtained in the fits to each angle of incidence. The curves were computed
using the equation 4.109 with the K obtained in the fit using all the angles of incidence
measured. EL and ET indicate the measurements performed to the extruded longitu-
dinal and transversal cuts respectively. The PTFE shown corresponds to the molded
polished PTFE.

the geometric features of the experiment are well described.

The values for the index of refraction are placed between 1.44 and 1.50 for the PTFE.
These values are similar to the ones obtained in the fits to each angle of incidence and
are consistent with the values obtained for the rougher samples.

The two extruded samples show different reflection parameters. The longitudinal
surface cut has a wider specular lobe and less diffuse light than the transversal surface.
The index of refraction is similar and contained within the error. It is however not
possible from this analysis to assert that these differences are caused by the internal
disposition of the PTFE grains.

The values obtained for the albedo are smaller comparatively to the results obtained
with the model with only two contributions (the albedo decreased about -0.08 for the
extruded L PTFE and -0.12 for the molded PTFE). In the GOA model the intensity of
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Figure 5.18: Reflectance distribution for the copolymers FEP, ETFE and PFA as a func-

tion of the viewing angle, for various angles of incidence. The curves are a global fit

obtained with the equation [£.110d for the Trowbridge-Reitz function, assuming a de-

pendency of A (6;) = exp {—Kcosb;}.
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Figure 5.19: Reflectance distribution for PTFE produced as indicated, as a function of

the viewing angle, for various angles of incidence. The curves are a global fit obtained
with the equation £.110d for the Trowbridge-Reitz function, assuming a dependency of

A (6;) = exp (—Kcosb;).
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the diffuse lobe is artificially increased to better describe the specular lobe. Thus the
results obtained for the albedo in the smoother samples are more similar to the ones of
rougher samples if the coherent contribution is included.

The roughness and the albedo
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Figure 5.20: Correlation between the roughness parameter v and the albedo p; of
the surface for different surfaces of PTFE/PFA. The samples included in this plot
are: 1: Molded PTFE Fluoroseals® not polished, 2: Molded PTFE 1 mm thickness
(Goodfellow®), 3:Molded PTFE Fluoroseals®, 4: Skived PTFE, 5:Extruded Perpendic-
ular cut, 6:Extruded Transversal cut, 7 Molded PTFE Polished, 8: PFA

In figure it is shown the correlation between the albedo of the surface and the
roughness. The samples with the lower values of the roughness appear to have a higher
value for the total diffuse albedo. In fact, the samples of PTFE with the highest values
for the albedo (samples 4-7) were all polished.

The increase of the reflectance observed by polishing the surfaces may be caused
by removal of asperities in the surface or the removal of contaminants that existed in
the surface or possibly due to the fact that the surface material transforms from a crys-
talline to a glassy state when polished. A similar effect was observed by [188] for PTFE
surfaces polished using the F, laser. They observed this effect for wavelengths between
200 nm and 800 nm and being more intense at lower wavelengths.
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5.5 Reflectance Distributions for Different Models of Reflectanc e

In the previous section we analysed data and its interpretation based on the ap-
plication of a BRIDF function that incorporates three components of reflection, in this
chapter we analyse some aspects of the surface modelling.

Analysis of the model of diffuse reflection

According to the Lambert law the reflectance of the diffused light is independent
of the angle of reflection (section [4.5). However the Fresnel correction term of Wolff
(section .5) introduces a dependence of this component with the angle of incidence.
In fact, the intensity of the diffuse lobe is proportional to the light transmitted beyond
the surface, thus when the angle of incidence increases the intensity of the diffuse lobe
decreases. This effect is well noticed in the experimental data (figures
[(.25). To appreciate fully this effect we show in the figure the reflection distribution
of a surface molded of PTFE illuminated with light of A = 560 nm. As shown, the fit
follows closely the data and the reflectance decreases with the increasing of the angle of
incidence in a non-linear way. If illuminated from v; = 65°, the surface has a reflectance
of 0 = 0.3 sr~! towards the normal direction. This value decreases to ¢ = 0.26 sr~! at
v; = 72.5° and 0.21 sr~! at v; = 80°, respectively.

The second effect that can be observed is the rapid decreasing of the reflectance

0.4

10+ MOLDED PTFE 72,5780
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Figure 5.21: Dep\ggglengc%ng}ethlejrir(ldtg%)sity of the diffuse lobe vb//{t Wltrfgepér}%?e of gg%?&ence.
The figure in the left shows the reflectance distribution for a sample of molded PTFE
measured at A = 560 nm for different angles of incidence. The reflectance distribution
inside the box was amplified and shown in the right figure. As shown the fit agrees

with the Wolff Fresnel correction.
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Table XII: Correction of the diffuse law due the roughness of the surface for different
values of the roughness of the surface (). Two different functions P («) are used, the
Torrance-Sparrow distribution (equation4.98 with ¢ = 0.67) and the Trowbridge-Reitz
distribution (equation 4.105).

Torrance-Sparrow Trowbridge-Reitz
oL (1—A+B) LG (Np — tan 6; tan 6, cos pN)
Sample 0% A B No N
Expanded PTFE 0.146 0.011 0.035 0.964 0.046
Skived PTFE 0.064 0.0022 0.0072 0.990 0.012
Extruded PTFE 0.033 0.00059  0.0020 0.997 0.0039
PFA 0.009 0.000046 0.00015 0.9996 0.00040

with v, comparatively to the Lambertian law. However, it is not possible to observe this
effect from the data because the PTFE has larger index of refraction than the air and the
term F (sin™! [2 sin6,] , %) is almost constant with 6,

We have computed the correction introduced by the roughness of the surface for
two different micro-facet distributions, the Torrance and Sparrow distribution (eq. £.18)
described using the parametrization developed by Oren-Nayar (eq4.98) and also the
Trowbridge-Reitz distribution (eq. £.23) with a correction factor given by the equation
In both cases the correction due the roughness of the surface given by the Oren-
Nayar model is very small for the values of roughness () observed. Table [XIIl shows
the values of the factors A and B for the Oren-Nayar parametrization and the angular
N (7y) and constant term N (7y) of the equatior@ for the different fluoropolymers
surfaces using the value of 7y extracted from the respective fit In the parameter B of the
Oren-Nayar parametrization we have set H(cos ¢;) cos ¢, sina tan § = 1, thus we show
the maximum value of this parameter for a specific roughness. The highest values of .A
and B are for the expanded PTFE, which is also the sample that has the highest value
of v corresponding to the roughest surface. For the Torrance-Sparrow distribution the
highest values of the factors A and B is 0.011 and 0.035, respectively which means that
at least in these cases the correction is very small indeed. A larger effect of the surface
roughness is observed if we use the Trowbridge-Reitz distribution. The correctiort] to
the lambertian law is significant for the expanded sample, nevertheless for the majority
of the surfaces measured the correction introduced is still very small.

IThese terms were defined as 01 = p1.G’ (6;) G’ (6,) (N () — tan 6; tan 6, cos ¢rN (7))
2The effect of the shadowing-masking is not fully described in the equation 105 due to the approxi-
mation G ~ G’ (6;) G’ (6;)
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The optical constants

Table XIII: Coefficient of extinction, penetration depth of PTFE for light at various
wavelengths. Measurements taken by several authors.

Wavelength Penetration depth Coefficient of extinction = Ref

(nm) (nm)

125 0.1 99.50 [229]
157 161 0.078 [229]
193 666 0.023 [229]
633 2.8%x10° 3.8x10°° [230]

Table XIV: Comparison between the fitted values of the reflectance of PTFE and PFA
obtained in the fits with and without the extinction coefficient «.

Sample n s 4l 01 % K X
(nm)

Without x

Skived PTFE 1.4940.07 - - 0.580£0.013 0.06440.006 13.9

Molded PTFE  1.4540.04 - - 0.7440.07  0.049+0.015 17402 7.4

PFA 1.4440.04 - - 0.69+0.05 0.057+0.006 2.44+04 3.3

With x

Skived PTFE 1.484+0.04 <012 > 116 0.600£0.034 0.06040.005 14.5

Molded PTFE  1.4440.029 < 0.17 > 82 0.754+0.06  0.0464+0.006 1.8+0.2 8.2

PFA 1424006 <016 > 87 0.66+0.05  0.054+0.008 2.44+04 3.4

i Attenuation length (or penetration depth) it can be obtained using the relation = A/ (47k).

The results shown for the fluoropolymers were fitted assuming that the extinction
coefficient, « is negligible in the computation of the Fresnel equations. However, in
general, the Fresnel equations depend of the extinction coefficient « (eq. f.5al and [4.5b).
For the dielectrics « is usually very low in the visible spectra, x ~ 0 and F (n,x) ~ F (n)
holds. Nevertheless, in the VUV region of the spectra the coefficient x can be significant
even for dielectrics.

Table XTIl lists some published values of the extinction coefficient and attenuation
length for the PTFE for various wavelengths. This suggests that, as shown, for the
xenon scintillation light the penetration depth in the PTFE should be placed between
161 nm and 666 nm which results in a coefficient of extinction placed between 0.023 and
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0.078.

To test if our results are consistent with these measurements the dependence with
the extinction coefficient was explicitly introduced in the Fresnel equations. Given the
values of the table [XIVl|that indicate that the extinction coefficient increases at the VUV,
we added the parameter « to the fits, specifically to the Fresnel equations, to check the
consistency of the analysis and extract the value of x at 175 nm. The results of these
fits are shown in the table XIV] The fitted values of the extinction coefficient show that
x < 0.2 for the samples analysed, but the uncertainties are compatible with x ~ 0 The
other parameters do not change significantly with it in result of ¥, meaning that the
correlation is certainly small, namely with n. Hence, it can be concluded that for these
samples the absorption length is larger than 200 nm in agreement with what can be
expected from the values of the table XIV]

The geometrical attenuation factor

As was discussed in the section 4.4, the geometrical effects leading to masking and
shadowing are increasingly important at grazing angles. In fact, the effect of the ge-
ometrical shadowing-masking factor, G, is only visible for large angles of incidence,
v; 2 80°.

10t ]
&
~
5
~
el 1 R
= Figure 5.22: The reflectance distribution
of the skived PTFE illuminated with an
angle v; ~ 80°. The fits simple out
the effect of the masking and shadowing
factors on the reflectance. Three differ-
104 Skived PTFE | | ent fits are superimposed for comparison:
a) without any shadowing-masking correc-
tion (dashed line); b) with the Torrance-
Sparrow correction (dotted line); c¢) with
L the correction of the Smith theory applied
65 fo f5 8‘0 8‘5 90 to the Trowbridge-Reitz probability distribu-
Viewing Angle v, (deg) tion that is standard in this work (solid line).
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The measured data were fitted considering the following geometrical attenuation
factors: i) the de facto attenuation factor adopted in this work using the Smith func-
tion and the Trowbridge-Reitz distribution of slopes (eq. B.81), ii) the factor predicted
by Torrance-Sparrow model and iii) a fit considering no shadowing/masking. These
fits are shown in the figure shown below. As observed in this figure above v, > 85°
the curve without the shadowing factor diverges clearly from the data whereas the
curves with the shadowing-masking factor follow more closely the data. The Smith
and Torrance-Sparrow model corrections are small however.

5.6 The Hemispherical Reflectances

The parameters shown in the tables [VIIIland [XI| are sufficient to fully describe the
function ¢ in the hemisphere. With this function, the reflectance can be obtained for
any beam geometry. Here we are mainly interested in the directional-hemispherical
and bi-hemispherical reflectances (defined in the appendix[Al).

The directional-hemispherical reflectance

The directional-hemispherical reflectance factor R (6;) is obtained for a specific an-
gle of incidence by integration of the BRIDF for all possible viewing directions (equa-
tion [A.18). The shadowing-masking function introduced in the BRIDF function does
not decrease the amount of reflected light. Therefore, the reflectance is computed
through the following integration

R(6;, ¢;) = / é 0(0;, ¢, 0y, br) sin 6,d0,dg, (5.9)

when the factor 1/G is not removed from the specular lobe and diffuse lobe it is ob-
served an unexpected decreasing in the reflectance of the specular components at very
small grazing angles.

The directional-hemispherical reflectance of skived PTFE given by the previous in-
tegral is represented in Fig. in solid lines as a function of the angle of incidence,
for the specular and diffuse reflection components separately. The results show that the
reflectance in the PTFE/gas interface is nearly constant up to about 60° where the value
of the reflectance is about +5% above its value at normal incidence. Then it increases
rapidly and at low grazing angles the reflectance approaches one. The behaviour of the
diffuse reflectance contribution can be understood to closely follow the Fresnel equa-
tions for the refracted wave, multiplied by the albedo of the surface. The diffuse lobe
is dominant for the majority of the angles of incidence. However, the specular lobe
increases gradually with 6; and becomes dominant for 6; > 80°.

Figure shows the reflectance of polished molded PTFE sample using the pa-
rameters used in ¢ shown in table [XI| separately for the different components of the re-
flection. As above, the three reflection components that are shown remain constant up
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5.6 The Hemispherical Reflectances

to 6; ~ 60°. For the normal incidence the diffuse reflection dominates all along with a
hemispherical reflectance of 68%, whereas the specular lobe and specular spike amount
to only 2.8% and 0.5% respectively. The two specular components become more intense
than the diffuse lobe only for angles larger than 80°. The specular lobe dominates over
the specular coherent peak at low angles of incidence. For angles larger than 70° the
coherent spike becomes the main component of the specular reflection in vacuum.

The same exercise was made for all samples whose reflectance distributions were
measured using the BRIDF fitted. These values for the directional hemispherical re-
flectances are summarized in table XVl for 6; = 0 and 6; = 65°. The uncertainties
indicated for the directional-hemispherical reflectance result from error propagation of
K, p; and n. The parameter 7 has a small effect in the computation of the hemispher-
ical reflectances. It has only a signable effect for angles of incidence larger than 80°,
for v < 0.1. For these angles the 7y decreases the intensity of the specular components.
Almost in all cases the reflectance is dominated by the diffuse component, with the dif-
fuse lobe accounting for more than 90% of the reflection at §; = 0°, for all materials
with the exception of expanded PTFE (70%) and the glass filled sample. At 6; =65° the
diffuse lobe still accounts for more than 80% of the reflection (48% for expanded PTFE).

The expanded PTFE shows the lowest reflectance of all measured (17% at normal in-
cidence). This fact might suggest that VUV light is being absorbed by oxygen molecules
trapped in the pores of the material, underneath the surface [231]. Although this topic
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Figure 5.23: The directional-hemispherical reflectance of the skived PTFE sample as a
function of the angle of incidence 0; (in degrees), for light of A=175 nm, in vacuum.
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5. REFLECTANCE MEASUREMENTS IN THE VUV AND ANALYSIS

Table XV: Directional-hemispherical reflectance of various types of PTFE, manufac-
tured as indicated, for two angles of incidence § = 0° and 6§ = 65°.

Raiffuse Rspecular Rspike Riotal
i =0°
Molded PTFE (Dongyang®)*  04540.05  0.041+0.009 - 0.49 + 0.04
Molded PTFE 5 mm 026+0.07 0.035+0.004 - 0.29 +0.07
Molded PTFE (Goodfellow®)  0.38+0.02  0.031 =+ 0.005 - 0.41 +0.02
Expanded PTFE 0.11+0.03  0.048 +0.007 - 0.16 + 0.03
Glass Filled PTFE - 0.053 + 0.008 - 0.053 + 0.008
Skived PTFE 0.507 +0.014  0.040 & 0.007 - 0.543 +0.010
Extruded L PTFE T 0.60£0.07 0.038+0.004 0.0024+0.0008  0.64 +0.07
Extruded || PTEE' 059+0.06 0.034+0.005 0.0005=+0.0003 0.62 +0.07
Molded Polished PTFE 0.69+£0.05 0.028+0.005 0.0062+0.0015 0.72 +0.07
PFATT 0.62+0.05 0.030+£0.005 0.0020+0.0013  0.66 + 0.05
FEP 020+£0.03 0.020+£0.004  0.009 + 0.003 0.23+0.03
ETFE 0.118 +£0.010 0.020+0.003  0.012+£0.003  0.15 =+ 0.009
0, = 65°
Molded PTFE (Dongyang®)*  0.4140.02  0.115+0.012 - 0.53 +0.02
Molded PTEE (5 mm) 024+0.06 0.113+0.005 - 0.35+ 0.06
Molded PTEE (Goodfellow®)  0.354+0.02  0.106 £ 0.009 - 0.46 + 0.02
Molded Expanded 0.10+£0.03  0.111+0.009 - 0.21+0.03
Glass Filled PTFE - 0.136 + 0.009 - 0.136 + 0.009
Skived PTFE 0.465+0.013  0.120 + 0.009 - 0.585 + 0.010
Extruded LT PTFE 055+0.06 0.085+0.006 0.036 =+ 0.005 0.67 + 0.06
Extruded ||T PTFE 053+£0.05 0.093+0.008 0.018 & 0.004 0.64 + 0.05
Molded Polished PTFE 0.61+£0.05 0.055+0.005 0.056 & 0.007 0.73 +0.05
PFATt 0.574+0.05 0.065+0.007  0.041 =+ 0.007 0.68 & 0.05
FEP 0.19+0.03 0.04+0.008  0.064 =+ 0.008 0.29 + 0.03
ETFE 0.109+0.009 0.037+0.006 0.072+0.007  0.219 & 0.009

T Extruded | and Extruded | refer to surfaces cut perpendicular and parallel to the extrusion

direction, respectively.

¥ Also shown in the figure[5.23 for all the angles of incidence.
T Also shown in the figure[5.24 for all the angles of incidence.
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Figure 5.24: The directional-hemispherical reflectance of molded polished PTFE as a
function of the angle of incidence 6; for light of A = 175 nm.

needs a further study. It can be concluded from these results that the reflectance of
polished-molded-PTFE is about 72% (8; = 0°), whereas the corresponding non pol-
ished surface has a reflectance of only 49%. Both are dominated by diffuse reflection.

At the normal incidence, the reflectance of the specular spike is below 1% of the
total integrated reflectance in all cases studied, with the exception of the ETFE. The
specular lobe represents between 2% and 4% of the total reflectance and the intensity
of the diffuse lobe is dominant in all cases.

Both the FEP and ETFE have low reflectance due their low diffuse component. Nev-
ertheless, in both materials the diffuse component is still dominant at §; = 0° represent-
ing 95% of the total reflectance for the FEP and 76% of the total reflectance for the ETFE.

The bi-hemispherical reflectance

The bi-hemispherical reflectance (defined in the appendix[A) for the samples mea-
sured is shown in the table XVIl The contribution of the different components of reflec-
tion (specular lobe, specular spike and diffuse lobe) is also shown. The reflectance of
polished PTFE samples is between 60% and 71% and that of non-polished is between
34% and 58%. Polished surfaces of PTFE have 86% to 88% of the reflected light in the
diffuse component. In the surfaces with a higher roughness this value decreases to
73%-85%. Therefore, when the sample is polished the increasing in the reflectance is
mainly associated to the increasing of the diffuse component.
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Table XVI: Bi-hemispherical reflectance (white-sky albedo) for the measured surfaces. The analysis of the data considered
the three contributions to the reflection: the diffuse, the specular lobe and the coherent spike, the later was neglected in the
analysis of the rough surfaces.

991

Raiffuse Riobe Rspike Riotal Rdiffuse/ Riotal (0/0)
Skived PTFET 0.488+0.009  0.0894-0.008 - 0.577+0.007 85
Molded PTFE (Dongyang®)  0.429+0.038 0.0954-0.006 - 0.52+0.05 82
Molded PTFE (5 mm Thick) 0.2514:0.029  0.0894-0.005 - 0.344-0.04 73
Molded PTFE (Goodfellow®) 0.3644-0.014 0.079+0.005 - 0.443+0.016 82
Expanded PTFE 0.117x0.014 0.1024-0.005 - 0.219+0.016 54
Filled PTFE 25% Glass - 0.1084-0.005 - 0.1084-0.006 0
Extruded | PTFET 0.554+0.04  0.05940.003 0.0311+£0.0020  0.64=0.05 86
Extruded || PTFE! 0.524+0.05  0.0634+0.003  0.0225+0.0017  0.60=£0.06 86
Molded PTFE 0.625+0.034 0.04040.004  0.0438=+0.024 0.71+0.04 88
PFA 0.570+0.030  0.05040.003 0.0357 £0.0033  0.66 +0.04 87
FEP 0.18540.017 0.028+0.006  0.0503 £0.0054  0.263+0.022 70
ETFE 0.110+0.007  0.0284-0.003  0.05704-0.0028  0.194 £0.008 56
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These results are obtained by the integration of ¢ for all the incident and viewing directions assuming a diffuse illumina-

tion (eq. XVI).
T Polished samples



5.7 Reflectance Distribution for Larger Wavelengths

5.7 Reflectance Distribution for Larger Wavelengths

PTFE is considered a good diffuser with a reflectance greater than 98% for visible
light [3]. The values published indicate that the reflectance decreases significantly for
smaller wavelengths [115] (section[L.4). In the VUV the data are scarce and limited to
hemispherical reflectances [4]. Therefore, the reflectance distribution of the PTFE was
measured for various wavelengths to study how it changes as the wavelength varies
and fill the gap between the VUV and the near visible. This also contributes to check
the consistency of our results.

The light is obtained from three light emitting diodes (LED’s) emitting at different
wavelengths, one in the visible spectra (a green LED), other in the Near Ultraviolet
(315+7.5 nm), and the other in the ultra-violet B region (255£7.5 nm). The UV LEDs
used in the experiment are from the Roithner LaserTechnik®, their characteristics are
shown in the table XVTIl

Each LED was introduced in front of the view port of the proportional counter and
aligned with the needle. The trigger system was turned off because the light produced
by the LED’s is continuous. The air does not absorb these wavelengths, thus the cham-
ber did not had to be filled with argon and these measurements can be performed in
air. The incident flux observed with these LED’s is typically 6x10° photons/s within
the regime of validity of the photon counting mode.

The reflectance distributions of molded PTFE unpolished (Fluoroseals®) measured
with light of wavelengths A =255, 310 and 560 are represented in figure The
values of the fitted parameters are shown in table XVIIIl The variation of the these pa-
rameters with A is shown in the figure together with the directional-hemispherical
reflectance at ; = 0°. These results show that the albedo of the surface increases with
increasing wavelength (figure [5.26(a)), from 0.52 at A = 175nm to 1.06 at A = 560 nm,
dropping at low wavelengths. This can be explained by the decreasing of the penetra-
tion depth with the wavelength, given that the probability of the absorption of the light
increases. However, this issue needs further study to understand to what extend the
penetration depth is related with the albedo.

Table XVII: Properties of the LED’s Used

Manufacturer Ref. Emission Spectrum  View Optical
wavelength half width angle power output
nm deg uW
Roithner LaserTechnik® T9B25* 255 15 10 50
Roithner LaserTechnik® T9B31* 310 15 10 150
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Figure 5.25: The Reflectance distributions of the molded unpolished PTFE measured

with the LED’s emitting at the wavelengths indicated. The curves show the predictions.
The number of data points, N, is also indicated in each plot.
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Figure 5.26: Variation of the parameters of reflection of the molded PTFE unpolished
sample with the wavelength. The evolution of the directional-reflectance at the normal
incidence is also shown.
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5. REFLECTANCE MEASUREMENTS IN THE VUV AND ANALYSIS

Table XVIII: Fitted values of 7, p; and -y obtained for a sample of molded PTFE unpol-
ished (Fluoroseals®) for the different wavelengths measured.

Wavelength Data Points n 01 0% X2
(nm)
175 2223 1.51+£0.07  0.52+0.06 0.057 4= 0.008 10
255 637 1.31+0.03 0.91 +0.04 0.059 4 0.007 5
310 549 1.31 +0.02 0.99 +0.02 0.049 £ 0.004 12
560 856 1.36 4+ 0.02 1.06 £ 0.02 0.0414 4 0.0006 27

The variation of the index of refraction with the wavelength (i.e. the dispersion
curve) is shown in the figure The index of refraction of the molded PTFE ob-
tained at 560 nm (n=1.361) agrees with published values, which are placed between 1.3
and 1.4 (see section[[.4) which is a good indication of the consistency of the results ob-
tained in this work. The index of refraction drops to 1.31 at 255-310 nm and goes up to
about 1.5 at 175 nm. It is expected that the index of refraction increases monotonically
with the frequency (normal dispersion, [233]) with the increasing being more intense
near the absorption edge. However the uncertainties of the index of refraction values
are still high and do not allow a definitive conclusion.

The width of the specular lobe seems to be increasing slightly for smaller wave-
lengths, but the uncertainties are too high for any definitive conclusion. However in
general terms this makes sense, since small wavelengths probe smaller scales of the
roughness. Nonetheless any wavelength dependency cannot be understood in the
framework of a geometric model of reflection. To do so, a wave base model is required
in which the wave nature of the light is taken into account (see section [4.3).

The values for the directional-hemispherical reflectance factor and bi-hemispherical
reflectance factor for the various wavelengths measured are shown in the table[XIX For
the visible light the directional-hemispherical reflectance of the molded PTFE is about
99% at 0; = 0°. This is in good agreement with the results published by the National
Bureau of Standards [3] and [115]. However, for 255 nm the difference between the
values is about 10% and not within the error bars.

The reflectance is mainly diffuse, at A =560 nm, for 6; = 0° we find that 98%
of the light observed comes from the diffuse component. When considering the bi-
hemispherical reflectance results we concluded that more than 91% of all the reflected
light for the wavelengths larger than 200 nm comes from the diffuse component. In
fact, PTFE is considered to be a perfect diffuser for visible light and is used as reference
standard for other reflectance measurements in the visible [115]. However, the diffuse
characteristics of PTFE decrease in the VUV (figure[5.26(d)). At 175 nm and for 6; = 0°
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Table XIX: Directional-hemispherical reflectance at §; = 0° and bi-hemispherical re-
flectance of the molded polished PTFE for the wavelengths indicated. The reflectance
results are compared with the results published by the US National Bureau of Standards
(NBS), currently known as NIST, for pressed powder of PTFE [115], when available.

A (nm) Raiffuse Rspecular Riotal NBS
DIRECTIONAL-HEMISPHERICAL REFLECTANCE 6;=0°

175 0.4240.05 0.039+0.009 0.4640.04

255 0.8440.02 0.018+0.004 0.8640.02 0.9576+0.0020 (255 nm)

310 0.924+0.02 0.018+0.002 0.9340.02 0.9792+0.0063 (300 nm)

560 0.96+0.02 0.023+0.002 0.9940.02 0.9929+0.0020 (500 nm)

BI-HEMISPHERICAL REFLECTANCE

Rdiffuse / Rtotal (O/ 0)

175 0.429+0.038 0.095+0.006 0.52+0.05 82
255 0.808+0.012  0.0641£0.0031 0.873+0.014 92
310 0.876£0.016  0.0630£0.0024 0.940+0.02 93
560 0.926+£0.015  0.0714-+0.0024 1.001+0.017 93

for the PTFE molded sample about 94% of the light reflected belongs to the diffuse lobe,
and for a diffuse illumination (bi-hemispherical reflectance) about 82% of the reflected
light comes from the diffuse component. The decreasing of the diffuse behaviour of
the material is caused by the decreasing in the multiple diffuse albedo and the increase
in the index of refraction which also increases the specular component. Thus at these
wavelengths the PTFE cannot be approximated to a perfectly diffuse material.

We observed that the fluoropolymers have a complex reflectance distributions that
can be associated to three main reflection components, a diffuse lobe, a specular lobe
and a specular spike. The reflectance model explained in the chapter 4 was used suc-
cessfully to describe these three components at the xenon scintillation light, for differ-
ent manufactures of the material and finishing of the surface. We observed that three
or four parameters are sufficient to describe the reflectance in the hemisphere. The
BRIDF function whose parameters are fitted to the data can be integrated to yield the
hemispherical reflectances of the surface.
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CHAPTER O

Monte Carlo Simulation of the Reflection by Rough Surfaces in Geant4

The results obtained in the last chapter show that the proposed model comprising
three reflection components: a specular lobe, a specular spike and a diffuse lobe (sec-
tion 4.4) is ad equated to describe the experimental observations. We studied various
materials, either with rough or smooth surfaces, having or not internal body scattering
and we could interpret all data with a minimal number of physically motivated param-
eters. Therefore, having proved the concept, we are now interested in building a Monte
Carlo simulation of the light that embodies the aforementioned model of reflection.
There is all interest to include this model in the simulation of detectors, particularly the
scintillation detectors.

There are various simulation toolkits that have been used in the Monte Carlo simu-
lations of detectors, Geant4 which is developed at CERN is possibly at the present most
used toolkit [227]. The simulation of the reflection of light, in particular the transport of
light through a medium, that is currently build in Geant4 does not agree in many ways
with our experimental observations and description of the reflection processes. Thus
a new reflectance simulation was added to the Geant4 toolkit. Here, instead of pursu-
ing an analytical model of the BRIDF, ¢ (6;, 6,, ¢,), a Monte Carlo method generates the
function ¢. The new simulation can describe the reflectance of surfaces with different
roughness and correctly include the dependence of the coherent spike and diffuse lobe
with the angle of incidence. The optical model of simulation can handle the reflection at
any interface, with roughness, irrespective of the optical properties of the new medium,
be it either a dielectric or a conductor, with or without internal body scattering.
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6. MONTE CARLO SIMULATION OF THE REFLECTION BY ROUGH SURFACE S IN
GEANT4

6.1 The Optical Simulations in Geant4 - the Current Unified Mode I

The experimental measurements described in the chapter Bl will be first simulated
using the version] of Geant4 4.9.3. For this description we will use the so called uni f i ed
model of simulation implemented in the toolkit.

The photons are treated, in Geant4, by two distinct classes, namely G4AGamma and
GAOpt i cal Phot on. The photons from the class GAQpt i cal Phot on are supposed
to have a wavelength, A, much larger than the atomic spacing, contrary to G4Gamma
which is thought to simulate high energy photons and their interaction with the matter.
There is no communication between these two classes, the use of one or another is sole
dependent of the simulation purpose in view.

The photons defined in class GAOpt i cal Phot on are supposedly optical photons
(a loosely concept) and can be associated to the following list of processes which are
implemented

Process Geant4 Class

Refraction and reflection at medium boundaries A OpBoundar yPr ocess
Rayleigh scattering AOpRayl ei gh

Bulk absorption GAOpAbsor ption
Wavelength shift GAOPWS

The reflection and refraction at the medium boundary surfaces is delegated to the
GAOpt i cal Boundar yPr ocess class. In this class, the user needs to choose the model
of reflection, the physical characteristics of the surface and the optical characteristics of
the materials that meet at the boundary surface

Glisur
Model Unified
Surface T Dielectric-Dielectric
o Dielectric-Metal
Surface Finnish Polished
Ground

When the surface finishing is set to pol i shed, the reflection processes are treated
in the same manner in both the G i sur and Uni f i ed models, nevertheless it is depen-
dent of the surface type chosen by the user. The reflectance for the di el ect ri c- net al
surface type can be introduced in two different ways; either i) issuing a constant which
gives the probability of reflection, independent of the angle of incidence, or ii) introduc-
ing the optical constants of material and use the equations and 4.5b]to compute the

n this chapter we always refer to the version 4.9.3 of Geant4 unless stated otherwise.
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reflectance. The first optior@ is not exact and should be used only when the reflectance
of the metal at the normal direction is larger than 0.70 and the respective optical con-
stants are not knowr.

If the interface is dielectric-dielectric and the surface finish is set to polished the
reflection is specular only. The index of refraction of both materials is used to compute
the fraction of light that undergoes reflection or refraction. But these equations are sole
dependent of the index of refraction, thus ignoring completely the attenuation function.

The reflection from a diffuse material or from a rough surface can be implemented
through two different models, the Uni fi ed and the G i sur models. In both models
there is no clear distinction between reflection caused by internal scattering and the
reflection caused by the roughness of the surface. In the G i sur model these two
processes are described using only one variable, P the polishing degree of the surface,
that is introduced by the user. P is placed between 0 and 1 with the surface perfectly
polished for P = 1. Then, a random vector b is generated in a sphere of radius 1 — P,
and the local normal n’ given by

W — n+b
[[n+b||

is generated.

The Uni fi ed model aims to reproduce the reflection distribution in a more detailed
way, including both specular and diffuse components. A detailed description of the
Uni f i ed simulation is represented schematically in figure

In the Uni fi ed model the program starts by generating the micro-facet normal
n’ to describe the roughness of the surface. This normal is generated by sampling a
normal distribution (with width o, representing the roughness of the surface). The
refraction angle 6; is obtained using the Snell-Descartes law and the probability of re-
flection/refraction calculated with Fresnel equations applied to the local angle.

If the probability says that the photon is going to be reflected, it is now necessary to
choose the type of reflection. The user is supposed to have introduced several weights
for each type of reflection: w; for the diffuse reflection, w; for the specular lobe, w, for
the specular spike and wj, for the backscattered lobell. The probability of each type of
reflection is proportional to these weights.

1Until 2006 this was the only method to describe the reflectance in a metal. Therefore it has been used
extensively in the detector’s simulations (see[5.2).

The optical constants of the metals are well known for pure metals and for a wide range of wave-
lengths, however, the metals are affected by corrosion and oxidation which alters their optical constants
and decreases the reflectance of the metal.

3This is also called retroflection, the light is reflected back toward the source (therefore r=-i) and
spreaded in a lobe. There are some mechanisms responsible for retroflection, some are exposed in [228].

175



91

MICRO-FACET NORMAL n'

_ 1 a?
P(w,04) = o &P (_ﬂ)
testifi-n’ >0
n1 sin @, = np sin 6;

sinf; > 1 sinf; <1
Total Internal Amplitude F (6',n)
Reflection
¢ <F ¢>F
Reflection Refraction
¢ < ws ¢ > wsand ¢ < ws + wy ¢ > ws + wy
Specular Lobe Specular Spike Diffuse Lobe
r 0, =6, Lambertian

Figure 6.1: The algorithm of the Geant4 Unified model of reflection at rough dielectric surfaces ({ € [0,1] is a random
number)

VINVIO

NI S FOV4dNS HONOY Ad NOILD3T143d FHL 40 NOILVYTINNIS OTdVYD I1LNOI 9



6.1 The Optical Simulations in Geant4 - the Current Unified Mo  del

Figure 6.2: Geometry of the simulation of the reflection measurements implemented in
Geant4 (see text for details).

The reflection direction, r, is dependent of the type of reflection. For the diffuse re-
flection, a vector is randomly generated according to the law of Lambert. The direction
of the specular spike is computed from the global normal n. The photon direction that
belongs to the specular lobe is calculated relative to the local normal n’.

The direction of the backscattered lobe will be generated relative to the direction n’
and around the direction of incidence.

The reader is referred to the Geant4 documentation for more details about this
toolkifl. A schematic overview of the reflection processes is depicted in the figure[6.1]

Simulation of the reflection measurements with the Unified model

The experiments described in the chapters2land Bl were simulated using the Geant4
package. Figurel6.2]shows the geometry used in that simulation and that closely follows
the goniometer used. The reflecting surface (shown in green) is placed at the centre of
the detector. Two iris diaphragms are placed between the surface and the point of
origin of the photons and are placed in the same positions and with the same apertures
of the experiment (see chapter[2). The surface is oriented according to a certain angle 6;,
relative to the direction defined by the iris diaphragms. The photons are generated at a
fixed position to a random direction and at a distance of 220.6 from the photomultiplier.
Most of the photons are absorbed by the iris-diaphragm, save a fraction of photons
that strike the surface inside a cone beam similar to the experiment. At the surface

n the last release of Geant4 v. 4.9.3 the user can also issue a look-up-table containing the measured
optical reflectances [234].
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these photons will be either reflected or refracted or eventually absorbed. The reflected
photons are detected by a sensitive sphere (shown in red in the figure[6.2) placed at about
66.4 mm from the centre of the reflecting surface and the hit positions defined by the
angles 6 and ¢, of this sphere are recorded. For each position v, of the photomultiplier,
the corresponding area of detection in the semi-sphere of reflection is determined and
the number of photons that were detected in this area is counted. This number can then
compared with our experimental measurements.

The reflection in the sample is simulated using the unified model of the Geant4,
thus it is necessary to introduce the parameters o,, w,, ws and the index of refraction
of the material. Several combinations of these parameters were tested in search for
the best fitted combination of parameters which gave a reflection profile closest to the
experimental data. The results are shown in figure[6.3l As shown, the results obtained
with the Geant4 simulation are very different from the data and cannot be, at least with
the current implementation, improved.

The main problem with the unified model of the Geant4 toolkit is that the type of
reflection is chosen after the Fresnel equations are applied at the surface. Then the
diffuse component is proportional to the specular component. This causes the intensity
of the diffuse lobe to increase with the angle of increase. However, the observed data
(section5.5) shows an opposite behaviour with the diffuse component decreasing with
the angle of incidence. In fact, only the photons that are transmitted to the subsurface
are able to reflect diffusely.

We noticed that if the index of refraction is assigned to a realistic value, the diffuse
component will be very low. Thus in the figure the index of refraction of PTFE
had to be artificially increased to an unrealistic value (1, = 100) to reproduce the diffuse
lobe reflection. Thus, even if the diffuse lobe is somehow reproduced it is done at the
expenses of the specular lobe which becomes exaggerated and independent of the angle
of incidence.

If the diffuse reflection component is ignored in the simulation and the index of
refraction is set to the value measured in the chapter Blit is possible to fit roughly the
specular lobes. However, the shape of these lobes differ from the data in many respects
as can be seen in figure This should be not unrelated to the fact that the micro-
facet distribution is restricted to a gaussian distribution contrary to our argument that
is better described by a Trowbridge-Reitz probability distribution (see section[5.3).

Another problem with the current model implemented in Geant4 simulation is the
fact that it requires us to define both a weight factors for the diffuse lobe, specular
lobe and specular spike. These three factors are independent of the angle of incidence
and the sum of these factors cannot be larger than 1. The weight factor attributed to
the diffuse lobe can be related directly with the albedo of the surface which does not
depend strongly of the angle of incidence. However, the factors assigned to the specular
lobe and to the specular spike do not represent the reality because, in real surfaces, the
intensities of the specular lobe and specular spike are highly dependent of the angle of
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(a) Simulation profile obtained with nprgg = 100, (b) Simulation profile obtained with nprpg = 1.41,
w4=0.54, ws = 0.46 and 0, = 2.75° w4=0.0, ws = 1.00 and o, = 2.75°

Figure 6.3: Comparison between the measured reflectance of skived PTFE and the
Geant4 simulation predictions using the standard Unified model of this package. Two
best combinations of parameters are shown. The simulation can be made closed to
either the reflection observed ar specular angles or at off-specular angles, but not both.

incidence and viewing, being the specular spike much more intense at lower grazing
angles than at the normal direction.

The Geant4 only checks for non-physical scenarios such asi-n’ > 0 [ The geomet-
rical attenuation factor is not included yielding large deviations from the observed data
at low grazing angles.

In brief, the Geant4 simulation model is not able to describe the reflection distribu-
tions of surfaces that have both specular and diffuse reflectances. To address the above
issues the model of simulation of the optical processes of reflection of light needs to be
improved. In the next section we propose a new implementation.

6.2 A New Method to Simulate the Reflection in Geant4

We developed a new method of simulation of the reflection by rough surfaces in
Geant4. It is based in the phenomenological model discussed in chapter 4 which has
been applied successfully to the reflectance distributions of the fluoropolymers (chapter
B). For such a purpose we coded a new software class in Geant4 which interacts with
the other classes in the hierarchy of Geant4 and can be called to handle specifically

IThese vectors were defined in the figure 4.6
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the reflection at any surface of the simulated system. This has been introduced in the
simulation framework using the instruction Set Model (trow eit z) for any surface
defined as an object of the class GAQpt i cal Sur f ace of Geant4.

The surface is defined at the boundary between two media with a global normal n.
The first medium, in which the photons with wavelength A are being propagated, has
an index of refraction 17 and coefficient of extinction ¥ ~ 0 by hypothesis, the second
medium has optical constants 7, and x and can yield mate reflection with an intensity
given by the multiple-diffuse albedo p;. The relative index of refraction of the interface
nis given by n = ny/ny.

The way the reflection is processed is dependent of the type of material of the second
medium. Three different situations are considered differing in the way the transmitted
light is processed: a dielectric-metal interface, a dielectric-dielectric dispersive interface
and a dielectric-dielectric non-dispersive interfacd]. These three situations differ the
way the light transmitted to the new medium is processed.

The algorithm implemented in the geant4 simulation is represented in the flowchart
of the figure As shown, three different situations are considered according to the
roughness constants of the surface, the r.m.s. of the surface slopes@, 0, and the r.m.s. of
the height functiorﬁ, oyt

oy /v/m and o3,/ K both defined Moderate roughness Specular lobe
plus specular spike

oy /y/m defined and 03,/ K not defined Rough Specular lobe

oy /v/m and o3, /K both not defined Smooth Specular spike

In a smooth surface the light is scattered (transmitted or reflected) according to the
global normal to the surface n; in a rough surface the light is scattered according to
a local normal n’. If the surface has a moderate roughness the light can be scattered
either according to n or n’, depending of which process occurs at the surface. This
situation is the more general and accurate being necessary to introduce the constants
o,/ and 03, /K of the surface to characterize the roughness. The probability that the
light is scattered according to a global normal n or a local normal n’ is not dependent
of the viewing angle and is given by the function A. As discussed in the section4.3] this
function is dependent of the height distribution z = h (x, y) of the surface and can be
obtained from the equation4.47, therefore A is dependent of the roughness type of the
surface. In the Geant4 simulation we have assumed, as usually, a gaussian distribution

IThe dielectric-dielectric non dispersive interface has not been implemented in the code, therefore it
will not be discussed in this chapter.

2The Trowbridge-Reitz function is expressed directly in terms of the parameter 7 and the Cook-
Torrance is expressed in terms of m. Nevertheless both parameters are related with the rm.s. of the
surface slopes 03, ~ 0.6y ~ 0.6m

3K can be used instead of ¢;, when the surface is described by the empiric function defined by the
equation[5.8
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Rough Intermediate Smooth
Surface Roughness Surface

Specular Lobe Diffuse Lobe

Figure 6.4: Monte Carlo simulation of the reflection of light at an interface dielectric-
dielectric. Different branches are considered according to the degree of roughness of the
surface, the character of the materials (whether it is conductor or not), and the nature of
the physical processes at work. In each thombus the quantity shown is evaluated and
compared with a random number ¢ € [0, 1]. A is the probability of reflection according
to a specular spike, F the Fresnel equations, G the shadowing-masking function and
D! the inverse cumulative function that generates both a and 6;.

for the probability distribution of heights P,. For this distribution the function A is
given by the equation

2
A (0;;04) = exp [— <4m}7\hn1 cos 9i> ] (6.1)

This function is dependent solely of the angle of incidence 6;, the angle between the
global normal, n, and the directions of incidence of the photons, i. Nevertheless, this
function can be replaced by other function that describes better the reflectance of the
material. For example, we have concluded in the chapter 5 that the fluoropolymers are
better described by the empirical function A = exp (—Kcos¥6;), this function can be
introduced in the code by replacing

To choose between the two normals n and n” a random number ¢, between 0 and 1,
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Figure 6.5: Comparison between the sampling of a Trowbridge-Reitz distribution
(curve A, equation[6.4) and the Cook-Torrance distribution (curve B, equation [6.5) with
v=m=0.07.

is generated and compared with the function A (6;; 11,05, A). When ¢ < A the light will
be scattered according to the global normal n, when ¢ > A the light scatters according
to the local normal n’.

When ¢ < A, the light scatters according to the global normal and the Fresnel equa-
tions are computed using the angle 6;. A random number determines if the photon
undergoes transmission or reflection. When the light is reflected it emerges at the re-
flecting direction given by

r=2cosfn—+i (6.2)

these photons can be identified with the specular spike.
When ¢ > A the incident light scatters according to the local normal n’ = n («, ¢ )
given by
n’ = sinasin $ax + sina cos ¢, &y + cos aé, (6.3)

n’ is determined by sampling the local angles « and ¢, of the micro-surface slope ac-
cording to the distribution of the micro-facets P («) cos « of the surface (see section4.2).
In general this function is not dependent of the azimuthal angle, thus ¢, is generated
uniformly between 0 and 27t. The angle « is obtained using the micro-facet distribution
function P («). When the integral is defined it is possible to find the inverse cumula-
tive function D! (quantile function) which generates the the a distributed according
to probability distribution function P («) cosa. For the Trowbridge-Reitz function (eq.
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4.23) the « are generated with the function

« = arctan < \’/y[_ﬁg) (6.4)

again ¢ € [0,1] is a random number between, y corresponds to the oblateness, the
parameter that controls the roughness of the surface.
For the Cook-Torrance distribution function (eq. £.20) the quantile function is given

by

a = arctan < \/—mz log (1 — C)) (6.5)

The two functions D! above (equations[6.4land [6.5) are compared in the figure6.5/for a
level of roughness corresponding to y=m=0.07. As observed in this figure, the equation
[6.4 generates larger angles of scattering than equation[6.5] The probability distribution
functions and the respective inverse cumulative functions are summarized in the table
0

With the sampled « it is possible to compute the local angle 6’ (angle between the
local normal n” and the direction of incidence i) which is given by

0’ = cos a cos 0; — sin §; sin & cos ¢y (6.6)

The sampled « is tested using a weighting factor given by

cosb' G (6;)
cos; cosw

Ps = (6.7)
The weighting factor introduces the shadowing-masking factor G (6;) and the geomet-
rical factor (cos @’/ cos 6;) (see section4.4). A random number is compared with pg. If
¢ < ps the photon is propagated along the generated direction. Otherwise (¢ > ps) the
micro-facet is discarded and a new angle « is computed. Though the factor ps can be
larger than 1, computer simulations showed that only occasionally is it larger than 2.
Thus, this random number ¢ is generated between 0 and 2. This reduces the speed of
the simulation because the function D~! needs to be computed in average twice. This
issue should be addressed further.

The Fresnel equations are computed for the local angle 6’ giving the probability
that the light is transmitted, thus undergoing internal scattering, or if it is reflected,
contributing to the specular lobe.

The light that is reflected at the surface is passed through the shadowing probability
G (6;). If the light is shadowed it means that it is double scattered at the surface. In
a second scattering it can be transmitted to the material or be double reflected. For
the majority of the dielectrics and angles of incidence we have F (1 — F) > F? being a
good approximation to consider this light diffusely reflected, so it is given to the diffuse
component.
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The light that is reflected according to the local normal and not shadowed follows
the direction given by

r=2cosf'n’ +i (6.8)

which corresponds to the reflected lobe.

Simulation of the transmitted light

The simulation of the light transmitted into the new medium depends obviously of
its properties. The type of the material is set using the instruction Set Type. In what
concerns the transmitted light the following definitions are possible

di el ectric_anorphous  Diffuse reflection/absorption
dielectric_netalic Absorption
dielectric_dielectric Transmitted spike/transmitted lobe

At a dielectric-metallic interface the absorption is so strong that no light is observed
for films thicker than a few wavelengths, thus the transmitted light is considered to be
absorbed at once.

When the photon is transmitted to an inhomogeneous medium scattering of the
light can return to the first medium after several interactions in the bulk of the material
or otherwise absorbed. It is assumed that after several interactions the direction of the
light is isotropic and obeying to the lambertian law.

Let us assume that the direction of the diffused reflected photons is given by the

Table I: Summary of the probability distribution functions used in the analytical de-
scription of the reflectance and its correspondent inverse cumulative functions used in
the Monte Carlo description of the reflectance to sample the directions of the reflected
photons.

Pcosa or Pcosfy D (a) or D (6,) xa=D"lor;=D""1
2 2
Cook-Torrance m exp (—m;—z“) 1—exp (—ta:;—zﬂ‘) arctan \/—m?log (1 — &)
. PRai 72 _ 72 ( v )
Trowbridge-Reitz o COS2&+Sin2a)2 1 P arctan i
Lambertian Law p_ﬂz 2p—7lT sin? 6 arcsin /¢

The azimuthal angles are generated between 0 and 277 for the functions shown.
¢ is a random number between 0 and 1.
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following vector, expressed in spherical coordinates
r = sin 6, sin ¢z€x + sin 6 cos P&y + cos 0,,€, (6.9)

where 6, the polar angle, corresponds to the angle between r and &, ¢ is the azimuthal
angle. When the photons are scattered according to the global normal we have &, = n
and &, = n’ when they are scattered according to the local normal.

To sample the vector r in such a way that the reflected photons follow the Lamber-
tian’s law of reflection the angles 6; and ¢, are generated by [235]

sinfy = /¢ (6.10a)
¢ = 2mE (6.10b)

¢ is a random number generated uniformly in [0,1].

The Geant4 package includes a specific function that generates the direction of the
reflected photons according to the Lambertian law. This function can be called using
GALanber ti anRand(t hed obal Nor mal ) . However, it is computationally more ex-
pensive than the method shown above.

The masking probability G (6,) is computed to the sampled direction. When the
diffused light is masked, the program will generate a new direction of the diffused
photons (egs. [6.10al and 16.10b) different direction of reflection r. Then the following
weighting factor is computed

Pp = pi <1 —F <9t/ %)) (6.11)

where p; is the multiple-diffuse albedo and 6; the transmission angle, given by 6; =

arcsin (Z—; sin Gd) . The Fresnel factor accounts for the light that is reflected in the inter-
face between the medium which undergoes diffuse reflection and the first medium. A
random number between 0 and 1 is generated and compared with the weighting factor
When the random number is larger than pp the photon is absorbed, otherwise it
is refracted back into the original medium, along the direction defined by the angles
(0a, Pa)-

The effect introduced by the roughness of the surface which described by the Oren-
Nayar correction term in the analytical description of the reflectance (section [4.5) is
already being accounted with the Monte Carlo method. In fact, the angle 6,; is measured
relative to the local normal n” and the shadowing-masking term is evaluated in the
equation

Simulation Results

The model described above was implemented in the Geant4 simulation. We run the
simulation with the values of the reflectance parameters that we measured in the chap-
ter [§ (see table [VIII) and plot both the experimental data and the results of this Monte
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Figure 6.6: Comparison between the results obtained for the skived sample (chapter[5)
and the simulation of the experiment using the model introduced in the Geant4 and the
parameters obtained in the fit.

Carlo simulation in figure [6.6] for a surface of skived PTFE and the molded polished
PTFE. As discussed in the previous chapter the first sample is described using only a
specular lobe and a diffuse lobe, in the polished sample it is also introduced the effect
of the coherent reflection. As can be seen, the simulation results describe very closely
the empirical measurements for all angles of incidence and of reflection. Even at the
grazing angles where the test is more stringent the simulation agree with the data. This
new simulation model shows a much better agreement than the current most complete

186


/home/claudio/BaseResultados/Geant4/lm.eps
/home/claudio/BaseResultados/Geant4/lp.eps

6.2 A New Method to Simulate the Reflection in Geant4

model of Geant4, as can be judge by plotting side by side figures[6.3(b) and [6.6]

A new model for the light reflection was introduced in the Geant4. It comprises
three different contributions: a specular lobe, a specular spike and a diffuse lobe, and
can be applied to both dielectric and diffuse reflectors. These components are described
using a Monte-Carlo method in contrast with the analytical methods used in the previ-
ous chapters.

This new description of the reflection was successful to describe the data on the
reflectance distributions of fluoropolymers. Thus, it can be used to describe the reflec-
tion in the interior surfaces of scintillation detectors, in particular whenever a diffuse
reflector such as PTFE is used.
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CHAPTER 7

Reflection in Liquid Xenon Detectors

Various experiments, notably experiments that search for dark matter rely on the
scintillation of the liquid xenon (LXe). In some cases, the projected detectors have larger
dimensions, which requires a much detailed knowledge of the light propagation in
such light volumes. The use of large areas of PTFE in contact with the liquid xenon is
a foreseeable possibility. Therefore, it is of utmost importance to study the reflection
of light in xenon detectors, namely the reflectance of PTFE in direct contact with the
liquid.

The published values of the index of refraction of liquid xenon are between 1.55 and
1.70. The reflectance at the interface liquid-PTFE is expected to be highly dependent of
the refraction indices of both materials. As we have seen in the chapter 5] the PTFE has
an index of refraction of 1.5 at the room temperature. Hence, assuming the same index
of refraction, there are possibly angles for which the reflection is total. In such a case
the amount of specular reflection should become highly increased, at expenses of the
diffuse reflection. On the other hand, given that the indices of the two media, the liquid
and the PTFE, are much closer now, comparatively to the gas-PTFE interface, then the
specular reflectance should be much smaller before, unless there is total reflectance.

The two mentioned mechanisms above are basically dependent of the relation of
the indices of refraction and can change completely the reflectance of the PTFE in the
liquid xenon as compared to the vacuum/gas. The PTFE itself can be different at low
temperatures (~ —100°C, see[l). Not only, the index of refraction can change with the
temperature, also the internal scattering can be different.

To carry out this study of the PTFE-liquid xenon interface we applied the Geant-4
Monte Carlo simulation discussed before to the case of this interface. The model of
simulation is detailed in chapter[6l We also applied the simulation to the study of the
light collected during the calibration of a liquid xenon detector with gamma rays. A
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fairly good agreement with the data was obtained.

7.1 Reflection of VUV light at a liquid xenon-PTFE interface

The index of refraction of the liquid xenon

The index of refraction of liquid xenon nyx. is important here since it determines
through the Fresnel equations the fraction of light that is reflected or transmitted into
the PTFE and out of it as diffuse light. The value of the index of refraction is not well
known though. The measured values range from 1.5655+0.0024 measured by Barkov et
al [236] (at the triple point of the liquid xenon) and 1.69 £ 0.002 measured by Solovov et
al [25] at -103° C. These two values of index of refraction were obtained by measuring
the refraction at the interface liquid-gas and are inconsistent. The index of refraction
was also estimated by Seidel (2001) [23] using the data available of the index of refrac-
tion of gaseous xenon. He arrived to a value of 1.69, similar to the value published in
[25].

Estimates of the reflectance of PTFE-LXe

The total reflectance of PTFE immersed in liquid xenon detectors has been estimated
indirectly from the amount of light collected in scintillation detectors having PTFE in-
side. The light collection of such detectors is computed by Monte Carlo simulation.
From this calculation it is possible to get insight about the average reflectance of PTFE.
However, the PTFE surfaces are always assumed to be pure lambertia planes and
tuned so that the simulation reproduces the detected light. The specular lobe and the
specular spike are neglected.

The first evaluation of the reflectance of the PTFE in contact with liquid xenon that
we know was obtained by Barabanov et al [237]. They measured the scintillation ob-
served in a detector with a PTFE reflector placed inside the chamber and compared
the results with the scintillation obtained with the same detector without PTFE. Using
Monte Carlo simulation they concluded that the reflection coefficient of PTFE (i.e. the
albedo of the surface) is about 60%. However, more recent data showed that the re-
flectance of the PTFE should be much higher than the Barabanov figure. Miyajima et al
(1992) [35] also used two reflectors, a white box made of PTFE and a black box made of
black rough aluminum, to measure this reflection coefficient. From the comparison be-
tween the values of the two setups they obtained a reflectance of about 82.5%. Miyajima
attributed the low value obtained by Barabanov due the poor PTFE used.

More recently, Yamashita et al (2004) [238] published an even higher figure for the
average reflectance of the liquid xenon-PTFE interface in comparison to previous esti-

ISince the PTFE is assumed to be a pure lambertian material the directional-hemispherical reflectance
is equal to the bi-hemispherical reflectance and these two quantities could be treated indistinctly. The
BRIDF, ¢ = % cos 0;, therefore the reflectance is equal to the multiple-diffuse albedo.
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mations. The reflection was measured in a double phase liquid-gas chamber. A Monte
Carlo simulation was used to compute the light collection. The reflectance obtained is
dependent of the attenuation length in xenon. Their figure are (0.95,1.0); (0.92,1.5) and
(0.88, o) for the various binomials (reflectance, attenuation length in metres) they have
considered. These parameters are clearly anti-correlated and cannot be easily disentan-
gled. Using a similar procedure Chepel et al (2004) [242] concluded that the reflectance
of the PTFE should be not smaller than 0.87.

The above results point to an average reflection of PTFE in liquid xenon of at least
80%. This value is much higher than has been obtained in this work for PTFE in gas.
However, as mentioned above, the reflectance showed to increase in contact with the
liquid if the index of refraction of the liquid xenon is higher than the refraction index of
PTFE as we measured (chapter[5) at room temperature.

A similar effect was observed with a sheet of Spectralon® submerged in liquid wa-
ter with visible light. The reflectance increased 2% relative to the reflectance measured
in vacuum with visible light, for viewing angles below 55° [239]].

The effect of the temperature effects on the properties of the polytetrafluoroethylene
(PTFE)

It is known that the structure of PTFE changes with the temperature. Thus at the
operating temperature of the xenon detectors (~ — 110°C the optical characteristics of
the PTFE are in principle different from those measured at the room temperature.

PTFE has a phase transition at 19° C. Above this temperature, the PTFE has an
helicoidal structure with thirteen groups of carbon-fluorine bound for about five 180°
twists (see section [1.3). Below 19° C the helice unfolds slightly and is observed about
fifteen carbon-fluorine groups for seven 180° twists [240]. This phase transition alters
the optical properties of the PTFE, namely the index of refraction, the albedo and the
extinction coefficient.

The measurements that we have discussed in the chapterand chapter 5 were car-
ried out at room temperature. The temperature in the laboratory is always between
22°C and 25°C. That means that the experimental data was obtained above the temper-
ature of the phase transition. The temperature of working of a liquid xenon detector,
at 1 bar, is about ~ —110°C, well below the phase transition. However, there is no
exhaustive study of the variation of the optical characteristics of the PTFE with the
temperature. The only results that we have acknowledgment are for the transmittance
of a PTFE sheet 2.5 mm thick, illuminated with incident light of 400 nm. These re-
sults showed a significant dependence of the transmittance with the temperature [241]].
Above the phase transition, the transmittance of PTFE decreases with the increasing of
temperature (at about ~ —0.1%/°C). At the phase transition at 19°C a sudden change
is observed, the transmittance decreases about 3% at once. At lower temperatures

LAt 1 bar the melting point of the xenon is -111.9°C and the boiling point is -107.1°C
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(T < 15°), the transmittance increases again with decreasing of the temperature. The
transmittance is a diffuse material is dependent of both the scattering and absorption
lengths, therefore this quantity is connected with the albedo of the surface (see section

65).

The specular components for the liquid/PTFE interface

The intensity of the specular components is proportional to the Fresnel equations
for the reflectance (equations and which are dependent of the ratio between
the indices of refraction of the two media that met at the surface. When the PTFE is
immersed in liquid xenon, the intensity of the specular components change. The index
of refraction of PTFE is about 1.5 for VUV light at room temperature (see chapter [5).
Assuming that the same value at the temperature of the liquid xenon (nyx, = 1.7) then
the liquid xenon is optically harder than the fluoropolymer surface.

For npx, = 1.5655 (Barkov measurement) the critical angle is 73.4° and for Ly x, =
1.69 (Solovov measurement) is 62.6°. The reflectance above the critical angle is 100%,
no light crosses the boundary and the diffuse lobe falls to zero and the reflectance is
totally concentrated in the specular lobe. Obviously, given that the surface is rough this
condition is never met completely, but a high suppression of the diffuse lobe should
be expected. The difference between the indices of refraction of the liquid and PTFE is
smaller than between the gas and the PTFE, for that reason we will have a smaller inten-

1°F 1r
C
O
I3
o
El()‘l
= 101}
()
[
(7]
o
LL
102
1021
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Angie of incidence _ 6; (deg) Angie of incidence 6; (deg)
(a) Reflectance for the gas-to-PTFE interface (full  (b) Reflectance for the PTFE-to-gas mterface (full

line) and the LXe-to-PTFE interface (dashed line)  line) and the PTFE-to-LXe interface (dashed line)

Figure 7.1: Fresnel equations computed for the different interfaces between the liquid
or gas and the PTFE. We have assumed npyrg = 1.50 and npxe. = 1.69.
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7.1 Reflection of VUV light at a liquid xenon-PTFE interface

sity of the specular components at the normal direction] The probabilities of reflection
at the interface gas-to-PTFE and LXe-to-PTFE interface are compared in the figure
assuming nprrg=1.5 and nyx.=1.69.

The diffuse reflection at LXe-to-PTFE

Figure 7.2: The internal scattering process in the PTFE. I corresponds to the intensity of
the light after the refraction to the bulk of the PTFE. The angles used in the computation
of Pg and Pr are also shown.

In the diffuse reflection, the light is refracted into the PTFE, scattered in the bulk of
the material and refracted again to the first medium. The light can also be reflected in
the interface PTFE and the original medium returning to bulk of the material where it
undergoes additional scattering. The probability of reflection or refraction is affected
by the index of refraction of the first medium, therefore the diffuse reflection will be
different in the liquid and in the gas.

The light scattered in the bulk of the PTFE has a probability of 1 — p} to be absorbed,
where p! corresponds to the multiple-scattering albedcB. p} is only dependent of the
physical properties of the PTFE (absorption and scattering cross sections).

If the light is not absorbed during the scattering process it eventually returns to the
interface PTFE-to-LXe or PTFE-to-gas. We assume that the direction of light that arrives
to this interface follows the Lambertian lawf] (cos 0). Therefore, the probability that the

1For nprpg = 1.5 we have an intensity of the specular components of 11%, when it is placed in the lig-
uid the intensity of the specular components ranges from 0.05% to 0.35%, depending of the value assumed
for the index of refraction of the liquid.

2This parameter is different from the single-diffuse albedo and multiple-diffuse albedo defined in the
Wolff model (see section[4.5).

3The distributions of the light that arrives to the interface is connected with the diffuse process per se.

193


Wolffia/wolffia.eps

7. REFLECTION IN LIQUID XENON DETECTORS

Table I: Probability of reflection Pg (given by the equation[Z.) in the interface PTFE-to-
other, as indicated and the probability of refraction Pr for the same interface (given by
the equation[Z4).

ny nq PR PT

(PTFE) (%) (%)

PTFE-to-gas (visible light) 1.35 1.00 (air) 49 91
PTFE immersed in water (visible light) 1.35 1.33 (water) 2 99
PTFE-to-gas (light of A=175 nm) 1.50 1.00 (air) 59 90
PTFE-to-LXe (light of A=175 nm) 1.50 1.5565 (LXe) 1.1 97
PTFE-to-LXe (light of A=175 nm) 1.50 1.69 (LXe) 3 94

light is reflected or refracted in the interface between the diffuser (PTFE) and the first
medium (a liquid or a gas) is given by the following integral

/2
Pr = 2/ F (n1/ny,0) cos 0 sin 6d6 (7.1)
0

where 0 is angle between the incident photon and the normal to the interface PTFE-to-
gas or liquid (defined in the figure[7.2). F corresponds to the Fresnel equations, with
ny the index of refraction of the diffuser (PTFE) and 74 is the index of refraction of
the first medium. The value of F as function of the angle of incidence 0; is shown in
the figure for the PTFE-to-gas and PTFE-to-LXe interfaces. From this figure we
conclude that the probability of reflection is larger in the interface PTFE-to-gas than in
the interface PTFE-to-LXe for any angle of incidence. With nprgg = 1.5 it is observed
total internal reflection in the interface PTFE-to-gas for 6; > 42°. The internal reflection
is not observed in the interface PTFE-to-LXe (n1xe > nprrr) and the Fresnel reflection
is very small (F < 0.01 for 6; < 50°).

The integral was computed for different interfaces with the PTFE, the results
are shown in the table [ for different interfaces of PTFE, as indicated. As shown, the
probability of specular reflection, Pg, in the interface PTFE gas is about 60% for the
xenon scintillation. However if PTFE is in contact with liquid xenon Pr decreases to
about 1.1% (n1xe = 1.56) and 3% (nyxe = 1.69).

The amount of light refracted to the original medium corresponds to pll (1—Pg).
The quantity p] Pg is reflected returning back to the bulk of material, going through
more internal scattering. These phenomena occur successively until all the light is ab-
sorbed or refracted to the original medium. At the end, the probability that the light

The Wolff model uses the Chandrasekhar diffuse law [208] to describe this process. Nevertheless, due the
complexity of this law and some doubts about its validity (it is assumed an isotropic law for the indicatrix
function, see section[L.5) we have opted by the Lambert’s law.
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Figure 7.3: Prediction of multiple-diffuse albedo as function of the multiple-scattering
albedo for the liquid /PTFE and for the gas/PTFE (nprpg = 1.5 and np.x. = 1.69).

Table II: Prediction of the multiple-scattering albedo and the multiple-diffuse albedo
for the liquid using the surfaces measured

Sample n 01 o} 01
(PTFE) (gas) (LXe)
[measured] [measured] [predicted] [predicted]
n=1.69
Skived PTFE 1.49 0.58 0.73 0.75
Molded PTFE (Dongyang®) 1.51 0.52 0.69 0.71
Molded polished 1.45 0.74 0.83 0.86
PFA 1.44 0.69 0.80 0.82

goes out of PTFE and returns back into the original medium is given by the following
geometric series

2 3
of = ol (1 =Pr)+ (pf) Pr(1—Pr) + (p}) P (1= PR)"..

) N 1_p1
= la-p Ipr) =1— ——2L (7.2)
E)Pz ( R) <Pl R) 1— plPg
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7. REFLECTION IN LIQUID XENON DETECTORS

p] is the probability that the light which was refracted into the PTFE returns back to the
first medium, i.e. it is not absorbed by the media. However at the exit, the light that is
observed will follow a Lambertian multiplied by the refraction probability (see section
4.5). Therefore we have

plT = 20 /On/z {1 —F (sirf1 [% sin 9,] , %) } cos 6, sin 6,d0, (7.3)

where 6, corresponds to the viewing angle (defined in the figure [Z.2). We will define
the probability given by Pr which corresponds to the above integral and relates plT with

01
Pr = — (7.4)

We do not have Pr + Pr = 1 because the angles of integration are different. The value
for Pr for the different interfaces is shown in the table[ll
At the end, the multiple-diffuse albedo should be given by the expression

1 1—pl1
= —<¢1——- 7.5
P PT{ 1—p}PR} (7.5)

In the table [l we have computed the multiple-diffuse albedo for three different
PTFE surfaces. We have assumed that the multiple-scattering albedo is the same in the
liquid and in the gas. It is observed that the multiple diffuse albedo increased between
16% and 40% when the material is immersed in the liquid. This increasing is larger for
the smaller values of p; obtained in the gas.

Table [l shows the predictions of single-diffuse albedo for various PTFE surfaces
(as discussed in the chapter B) and the multiple-diffuse albedo for the PTFE-to-LXe
interface. The values obtained for the multiple-diffuse albedo are larger for the liquid
comparatively to the gas for the same multiple-diffuse albedo. This increasing is larger
for the smaller values of p; obtained in the gas.

In the figure [Z4] we contrast the reflectances distributions obtained in the liquid
(solid lines) and in the gas (dashed lines). Both the index of refraction and the multiple-
scattering albedo of the PTFE are considered to be the same in the liquid and in the gas.
Specular and diffuse lobes have a very distinct behaviour in the liquid and in the gas

We can observe off-specular peaks in the specular component, for the angles of in-
cidence around the critical angle. These peaks are caused by the abrupt increasing of
the Fresnel equations when the local angle of incidence approaches the critical angle.

The hemispherical reflectances at the LXe-to-PTFE interface

The directional-hemispherical reflectances of the three components of the reflection
as function of the angle of incidence is represented in the figure In this figure we
observe that he intensity of the diffuse lobe remains almost constant until an angle of
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Figure 7.4: Reflectance distribution for the interface PTFE-to-gas and PTFE-to-LXe, the
same parameters for the reflectance are used in both situations. For the angles 65° and
80° we do not observe a diffuse lobe because they are placed above the critical angle for
total internal scattering.

; = 52°, then it decreases rapidly to 0 at 59°. For angles of incidence above 60° most of
the light goes into the specular spike and specular lobe. Therefore, the PTFE immersed
in the liquid can be approximatedE] to a perfect diffuser below the critical angle and to
a perfect reflector above the critical angle. The decreasing in the reflectance around the
critical angle is caused by the roughness of the surface.

Table [IIl contains the values of the directional-hemispherical reflectance at normal
incidence and of the bi-hemispherical reflectance, of three different samples of PTFE
and a sample of PFA with nyx. = 1.69. The values of the index of refraction correspond
to those obtained in the chapter 5 At normal incidence almost all the light reflected
by the PTFE immersed in liquid xenon comes from the diffuse component. The ratio
between the directional-hemispherical reflectance of the diffuse component at normal
direction and the specular components in the skived sample increases from 13 in the
gas to 185 in LXe.

The total bi-hemispherical reflectances of PTFE in contact with LXe are all above
75% and can be as high as 89% The increasing in the reflectance is impressive, specially
in the samples that show low reflectance in the gas. These values are in agreement
with the figures that have published on the PTFE immersed in LXe. These values are

LThe Wolff correction factor W ~ 1 due the lower difference between the index of refraction of the
PTFE and of the liquid.
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Figure 7.5: The expected reflectance of pressed polished molded PTFE in contact with

liquid xenon as a function of the angle of incidence 6; for light of = 175 nm (nyxe =
1.69[25]), NpPTFE — 1.45 and o= 0.72.

very similar to the values of reflectance previewed in the liquid xenon detectors. Nev-
ertheless, even if the average value agrees there is a serious flaw in the Monte-Carlo
simulations that predict the light collection on those detectors. Contrary to the belief
that PTFE is a pure diffuser we conclude otherwise that PTFE immersed in LXe be-
haves as shiny surface at angles of incidence over 60°. This ought change dramatically,
the light propagation inside a scintillation chamber and the collecting of light.

The results above show that PTFE is a good reflector in the VUV, specially when in
direct contact with liquid xenon. But it cannot be considered a good diffuser because
the specular reflectance is dominant in such a case.
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Table III: Comparison between the directional-hemispherical reflectances and the bi-hemispherical reflectances in LXe and
in the gas for some of the samples of PTFE measured.

Diffuse Specular Specular Total RI
Lobe Lobe Spike Reflect. RiohI™ 170
gas LXe gas LXe gas LXe gas LXe gas LXe
DIRECTIONAL-HEMISPHERICAL REFLECTANCE (6; = 0°)
Skived PTFE 0.51 0.72 0.040 0.0039 0.0 0.0 0.54 0.73 92.9 99.5
PTFE (Dongyang®) 0.45 0.69 0.041 0.0031 0.0 0.0 0.52 0.69 91.2 99.6
Molded polished PTFE 0.59 0.83 0.028 0.0048 0.0024 0.0011 0.72 0.83 95.0 99.3
PFA 0.62 0.79 0.030 0.0060 0.0020 0.0007 0.66 0.79 95.0 99.2
BI-HEMISPHERICAL REFLECTANCE
Skived PTFE 0.49 0.55 0.089 0.25 0.0 0.0 0.58 0.80 84.2 69
PTFE (Dongyang®) 0.43 0.54 0.095 0.22 0.0 0.0 0.52 0.76 81.6 71
Molded polished PTFE 0.63 0.59 0.040 0.13 0.044 0.16 0.71 0.89 87.8 67
PFA 0.57 0.56 0.050 0.17 0.036 0.13 0.66 0.86 87.7 64

These samples were characterized in the chapter
T Ratio between the diffuse component and the total reflectance (directional-hemispherical or bi-hemispherical)

aoeILIUI 341 d-uouax pinbi| e re 1ybi ANA JO uonosey T°2



7. REFLECTION IN LIQUID XENON DETECTORS

7.2 Application of the Reflection Model to a Liquid Xenon Cham-
ber

The model of reflectance discussed in the last chapter in Geant4 is here applied to
a simulation of a real liquid xenon chamber. The chamber was designed and used to
the study the scintillation efficiency and decay time of the scintillation due to nuclear
recoils produced by neutron collisions [242]. The chamber and the experiments done
are described in [44],[2] and [243]].

This chamber has an active volume of liquid xenon of about 1.2 litre, this is read by
a set of 7 PMT’s with 163 mm diameter each. The walls of the chamber are made of
pressed PTFE 1 mm thick (walls and top) and 4 mm thick (bottom).

In the calibration of the liquid chamber it was used a radioactive source of ’Co with
an activity of 94 uCu, emitting y-rays with 122 keV (83.4%) and 136 keV (16.6%). The
v-rays of 122 keV and 136 keV are highly attenuated in the liquid xenon (attenuation
length is about 3 mm) thus its energy is immediately converted into photons through

PMT PMT PMT

Figure 7.6: Gamma-ray calibration of the liquid xenon chamber. The gamma-ray source
is placed at each hole using a magnet placed below the chamber. After the measure-
ments the source is placed in the fender D (from the PhD thesis of Francisco Neves
[243]). The sheet C is made of leader.
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7.2 Application of the Reflection Model to a Liquid Xenon Cham ber

Figure 7.7: Map showing the position of the PMT’s (transverse view). The grey circles
represent the holes positioned underneath the bottom of the chamber. The crosses show
the center of the PMT. The angular distance between the center of the PMT 1 and the
collimators of each photomultiplier is shown in degrees.

photoabsorptior@.

The cobalt source was placed under the chamber’s bottom in the vacuum cryostat.
The source was placed at every one of seven 12 mm diameter holes carved in a sheet
placed under the chamber (see fig. [7.6). One hole is aligned with the centre of the
central PMT, the other six holes are misaligned, 12° relative, to the PMT’s above. The
signal of each PMT was read for all positions of the source. The positions of the PMT’s
and of the holes are shown in the figure[Z.71

When the cobalt source is placed at the central hole, all the PMTs receive the same
amount of light (but the central). Hence any differences among the observed signal
should be do to differences in the quantum efficiencies and intrinsic resolution of the
PMTs.

If the source is housed at any outer hole the amount of light is asymmetric, the PMTs
further away should receive less light. The amount of light that reaches each PMT is
dependent of the angle between the direction of the hole and the centre of the PMT win-
dow. For the different positions of the source the same angles are measured at different
positions of the PMTs. Thus an average and standard deviation can be calculated upon
six positions of the source. However due the fact that the quantum efficiency of the
PMT’s is not known they need to be normalized using the data collected with the PMT

IFor gammas of these energies the cross section of the photoabsorption/photoelectric effect is about
20 times larger than the Compton scattering.
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7. REFLECTION IN LIQUID XENON DETECTORS
in the central position. Thus the normalized amplitude E{ of PMT i when the source at
the position j is given by:

A A
1
i A a

with i=1,2,.,6 and j=1,2,..,6 (7.6)

Al is the amplitude of the signal of the single PMT i when the source is at position j.

The amount of light received by each PMT is dependent of the distance between the
source and the PMT. E.g., the amount of light that reaches the second photomultiplier
when the source is below the first hole is the same of the amount of light that reaches
the third PMT when the source is placed in the second hole and so on. Therefore, we
can cluster the Agj in six different groups, that are at the same distance and receive the
same amount of light. The average over the this groups results in

6
By = % Y A,  with a=(i+k)mod6 (7.7)
i=1

The r.m.s., 03,, is readily computed for each average.

A Geant4 simulation of the chamber, including the gamma ray calibration, was de-
veloped. The program was based in a early code due to A. Lindote. The details of
this simulation, namely the geometric specifications, are in [244]. The early simulation
assumed that the reflection of PTFE walls was purely Lambertian with an albedo of
0.95. We changed the reflection model to include the results of the analysis discussed in
chapter[5land chapter[fl We have not considered the specular spike component because
this component was only observed in the PTFE that was polished and the PTFE placed
in the chamber was not polished. The gamma rays of 122 keV and 136 keV are gener-
ated isotropically in a circle with the same dimensions of the source. The lead sheet and
holes are correctly simulated as the gamma rays can scatter at the hole boundaries.

The simulation of the collection of light can be used to gather some insight about
the reflectance of the PTFE immersed in liquid and eventually check the overall con-
sistency of the reflectance model. The simulation is performed for several sets of the
parameters {nprrg/Nxe, 01, Y, Lap, Lt } Where nprpg/nyxe corresponds to the relative in-
dex of refraction between the liquid xenon and the PTFE. As discussed in the previous
section, 1y xe and nprrg are not well known and the relative index of refraction can range
values from 0.86 to 0.97 (with nprrg between 1.45-1.52 and ny x. between 1.56-1.69). We
observed that the results did not changed significantly with the roughness, <y, therefore
we have considered a constant value for this parameter of 0.07.

Due the normalization introduced in the equation[7.6] this analysis is not dependent
of the scintillation yield of the liquid xenon and of the efficiencies of the PMTs. It is
however dependent of the absorption length, L,;,, and of the Rayleigh scattering length,
L, of the VUV light in liquid xenon (see[l). These values are not known and need to
be also fitted to the data, nevertheless, although both L, and L; are not known, the
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Figure 7.8: The albedo of the PTFE immersed in liquid xenon as a function of the ratio

of indices of refraction nprrg/npxe.. The various curves are eye guides for the different
values of the Rayleigh scattering length in the liquid xenon. The absorption length was
set to 120 mm in all the points. The stars represents the values predicted for the three
samples of PTFE (with n1x.=1.69) are also shown in this figure.
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Figure 7.9: Correlation between the absorption length and the multiple-diffuse albedo

o1, the relative index of refraction nprpg /nrxe = 0.89 and the Rayleigh scattering length
L, are constants.
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7. REFLECTION IN LIQUID XENON DETECTORS

attenuation length (defined in chapter [I)) should be comprised between 25 mm and 40
mm.

For each set of parameters the source is placed below the central PMT and the inten-
sity of light that reaches each PMT is registered. The simulation is repeated placing the
source below one of the outer’s PMTs with the same set of parameters. The values of
Agj are calculated using the same relation [7.6 and are compared with the experimental

data with a x? test
N pmeasured simulated
BY — B

X’ = Z (7.8)

. O pmeasured
i=1 Bk

For a specific set of parameters {1, , Ly, Lr} we kept the albedo which gave the lowest
value for 2.

Figure[7.8/ shows the albedo obtained as function of the relative index of refraction
and for several values of the Rayleigh scattering lengths. We have assumed a constant
absorption length of 120 mm. We observe that the albedo increases when the relative
index of refraction increases. From the range of nprre/n1xe (0.85-0.97) the albedo in-
creased from 0.73 to 0.89. This increasing is due the fact that when the relative index
of refraction approaches to 1, less light is specularly reflected. This decreasing is com-
pensated by an increasing in the diffuse component. In the figure it is also represented
the predictions for the multiple-diffuse albedo and relative index of refraction (with
nrxe = 1.69) for some samples measured (see chapter ).

For n&‘f = 1 (perfect diffuser) the multiple-diffuse albedo of the surface is ~ 0.92
which is compatible with the albedo predicted by [242].

The behaviour of the albedo obtained for the minimum of the x? as function of the
absorption length and Rayleigh scattering length is represented in the figure From
this figure we conclude that the albedo decreases monotonically with the absorption
length. However, this decreasing is small, when L}, increased from 50 mm to 200 mm
the albedo decreased only 0.03.

Although these results are compatible with the predictions made in the section[Z1]
we still have too many free parameters and some uncertainties about the modelling
used to describe the diffuse reflection in LXe. Therefore, no definitive conclusions can
be made without a direct measurement of the reflection distribution of the PTFE in the
liquid xenon.
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Conclusion

The reflectance of PTFE and other materials with interest to scintillation detectors
was studied in detail in this thesis. The study was performed using a goniometer specif-
ically designed and constructed to measure the reflectance in the vacuum ultra-violet
region (VUV). This goniometer is placed inside a vacuum air tight chamber filled with
argon gas. To produce the VUV light we constructed a gaseous xenon proportional
counter that could be operated in trigger mode with a photomultiplier to detect the
light. The light emitted by this source is collimated and strikes the reflecting surface,
being measured along a specific angle of incidence, that can be changed at will. The
light is detected by a photomultiplier placed at a specific viewing angle. Both the po-
sition and orientation of the sample surface and the position of the photomultiplier
can be changed to set different values of the angle of incidence and reflectance, thus
measuring the reflectance distribution of the PTFE.

The experimental procedure was tested by measuring the reflectance of metallic
and crystalline samples, namely quartz, glass, gold and two samples of copper. The
first three materials showed values similar to the expected values that are known. The
copper samples were affected by oxidation in air and we could observe the variation of
the reflectance with the oxidation of the sample.

The reflectance of PTFE was measured in samples prepared by different manufac-
turing processes and polishing. The reflectance distributions showed to be composed
by three different reflection components, a diffuse lobe, a specular lobe and a specu-
lar/coherent spike. The origin of these components is described in detail in this thesis.
The diffuse lobe corresponds to internal scattering of the light in the volume of the
material underneath the surface and yields a reflection distribution which is mostly in-
dependent of the direction of the incident light. The specular lobe is centered along
the specular reflection direction and has a width and distribution which are propor-
tional to the roughness of the surface. Finally, the specular spike corresponds to mirror
like reflection which can be attributed to a coherent reflection at the mean plane of the
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(irregular) surface.

The reflectance from these components can be fully described for each wavelength
using only four free parameters: the total diffuse albedo of the surface, the index of
refraction of the reflector material, the width of the specular lobe and the fraction or
relative intensity of the specular spike. The attenuation coefficient and the index of re-
fraction of the medium above the surface can also be included in a fit. This description
reproduces fairly well the details of the reflectance distributions that we measured. If
the rough surface is very rough only three parameters are necessary because the specu-
lar spike can be neglected. However, it might not be the case if the total reflection takes
place (see fig. [Z4). The data show that the specular lobe is best reproduced if the re-
flecting surface is modeled by a characteristic ellipsoid of reflection, whose oblateness
embodies the features of the surface, notably its roughness. In this case the reflected
surface is governed by a Trowbridge-Reitz probability distribution function. This con-
clusion comes at no surprise though, since these materials are granular by nature.

The index of refraction of PTFE is about 1.5 at the wavelength of scintillation of
the xenon, larger than in the visible, thus the amount of specularly reflected light is
also larger. The fit to the data using the extinction coefficient leads to a value that is
compatible with zero, whose upper limit agrees with published values.

The relative intensity of the coherent/specular spike appears experimentally to vary
exponentially with the cosine of the angle of incidence, cos 6; in all cases studied. This is
in contrast to the prediction of the Beckmann-Spizzichino model of an exponential de-
pendency in cos? 6;. Such a dependence can be caused by the ellipsoid-shaped nature
of the micro-facets or the polishing scratches visible on the surface, which might corre-
spond to a combination of different scale roughness or both effects. We have studied
the intensity of the specular spike using the Kirchhoff approximation for both ellipsoid-
shaped and cylindric-shaped surfaces. However, this issue deserves more study, specif-
ically the measurement of the samples that was observed a specular spike for different
wavelengths to study the behaviour of the intensity of the specular spike with the wave-
length of the incident light.

The reflectance distribution of the copolymers PFA, FEP and ETFE was also mea-
sured. The reflectance of PFA and PTFE are similar, but not ETFE which reflection is
dominantly specular with only a very small diffuse component. The FEP showed a
reflectance distribution which is somehow intermediate between PFA and ETFE.

The directional-hemispherical reflectance at the normal incidence is placed between
40% and 72% depending of the manufacturing process and surface finishing of the
PTFE. The diffuse lobe accounts for about 90% of the total reflectance when the sur-
face is illuminated from above (6; = 0°). These values agree with the measurements
made at the Alvensleben Laser Zentrum ([4], see section[L.3). The bi-hemispherical re-
flectance of PTFE obtained is between 42% and 71% for the PTFE and PFA. The larger
values of the reflectance were observed for the smoother samples. The diffuse lobe
amount to 86% of the total reflectance in the non-polished samples and 82-85 % of the
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total reflectance of the polished surfaces of contact with gas/vacuum.

One finds that the reflectance of the PTFE increase with the wavelength. This in-
creasing appears to come basically from the diffuse component of the reflection, which
increases for wavelengths near the visible. The index of refraction decreases from about
1.5 at 175 nm to 1.35 in the visible, leading to a decrease of the intensity of the specular
components. Hence, PTFE can be considered a perfect diffuser in the visible. However,
when illuminated with UV light, a significant part of the reflected light is specular. It
was also observed that the width of the specular lobe, v decreases with the wavelength,
this effect can only be understood using a physical based model.

The effect of the roughness of the surface in the diffuse lobe is accounted by the
Oren-Nayar model. This description uses a parameterization restricted to a gaussian
distribution of micro-facets to describe the correction of the Lambertian reflectance.
We have extended the Oren-Nayar model to the Trowbridge-Reitz distribution and ob-
tained, with some approximations, an algebraic solution for this correction factor.

The experiments were simulated using the Geant4 Monte Carlo simulation package.
We concluded that the reflection models implemented in Geant4 are unable to describe
effectively the reflectance distributions that we observe, even if unrealistic parameters
are considered. Therefore, we implemented and coded a new class in Geant4 that em-
bodies the analysis model of reflection that is proposed in this thesis. The new model
successfully describes the reflection of the surfaces that we measured.

The reflectance of PTFE immersed in liquid xenon are often announced to be much
higher than above (about 90%). Assuming that the same optical properties of PTFE still
apply at —100°C then in such case the indices of refraction at either side of the inter-
face are much closer than before. Moreover, the liquid has a highest index of refraction,
which means that there are total internal reflection for all range of angles above the
critical angle. This favours the internal reflection in the LXe-to-PTFE interface and the
transmission probability in the PTFE-to-LXe interface. These two factors increase both
the intensity of the specular lobe and the intensity of the diffuse lobe resulting in an
bi-hemispherical reflectance in the liquid of 76-90% depending of the surface and man-
ufacture.

The direct measurement of the reflectance of PTFE immersed in liquid xenon is the
natural follow up of this work. However, this measurement has significant technical
difficulties that are not easily overcomes. Some fundamental properties of the liquid
xenon such as its index of refraction, attenuation length and Rayleigh scattering length
are not well known. These quantities have all to be measured, and it will be very dif-
ficult to measure one without knowing the others as well. These effects are strongly
correlated and the main difficulty will be to disentangle them.

Another forthcome of this work is to measure the reflectance distributions of PTFE
and like with the scintillation light of the krypton, argon and neon, all of which are
not well known. The wavelength of the scintillation of these rare gases is smaller than
the absorption edge of the PTFE @2). Thus, PTFE is expected to have almost no diffuse
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reflection at those wavelengths.
Some results exposed in this thesis were published in the NIM-A [226], [212] and in
the Journal of Applied Physics [213].
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APPENDIX A

Principles of Radiometry

Radiometry is the measurement of the energy content of the electromagnetic radia-
tion field and how the energy Q is transferred from a source, through a medium, into a
detector. Thus, the radiometric measurements are usually expressed in unites of energy
but can be also given in number of photons (the later case is referred as actiometric).

These concepts are too well known and can be found in many specialized publica-
tions. They are introduced here for completeness purposes and to fix the notation and
the definition of relevant quantities. The definitions exposed here are based in [113]
and [114].

The Radiant Flux and Radiant Intensity

The radiant flux is defined as the amount of electromagnetic energy Q received,
transferred or emitted per unit of time by a given object,

dQ
b = "1 (W] (A1)

This quantity can also be expressed as the number of photons Ny, per unit of time
that are emitted received or transverse a certain area,
o Mon

dt

Usually we distinguish between incident flux ®;, emitted/reflected flux ®, and
transmitted flux, @, according as the radiation is received, emitted or transmitted.

The radiant intensity or photon flux intensity is defined as the ratio between the flux
emitted towards a specific direction per unit of solid angle d(),

- dO

[Nphs '] (A.2)

I

(A.3)
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A. PRINCIPLES OF RADIOMETRY

Figure A.1: Definition of the angles and solid angles relevant to radiometry.

and is in general dependent of the angles 6 and ¢ of the direction of the radiation.

The Irradiance and Radiance of a Surface

All incident and reflected directions associated to a particular scattering point, S,
are inside a hemi-sphere with an origin at S.

Two different light sources that produce the same illuminated area in this hemi-
sphere will produce the same illuminated area in the surface. Specifically a big source
viewed at a grazing angle will produce the same result as a small source viewed frontally.
Thus it will be the foreshortening area Ay = Asource - cOs t; (figure [A.]) that needs to
be considered. cos 6, is the angle between the direction of the photons and the vector
defined between the source and the scattered point. Similarly a detector placed at a low
grazing angles probe larger area of the radiating surface in comparison to the same de-
tector if facing the surface from above at the perpendicular to the surface. The effective
radiating area is A cos 6, (see figure[A.]). Both the irradiance and radiance use of this
concept of foreshortening area.

The irradiance measures the incident flux of radiation per unit of irradiated area,
dA,

_do;
- dA
and decreases with increasing the angle of incidence.

The radiance at a given point is defined as the flux emitted along a certain direction

per unit of solid angle per unit of foreshortened area:

E (A4)

d’®,

L=————— A.
dA cos6,dQ), (A-5)
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Figure A.2: Conservation of the radiance along a tube of rays (adapted from [113])

where cos 6, is the angle between the normal of the element of area d A and the direction
of the emitted light.

The radiance is related intrinsically with visual sensation of brightness [245]. One
important characteristic of this quantity is given by the radiance conservation theorem
which states that the the radiance is conserved along any tube of rays propagating
through an optical system .

Proof:

If dA; and d A are infinitesimal elements of area and are at a distance D from each
other then (see[A.2)

dA
d); = cosbt; D—zl
dA
d(), = cos GzD—zz
thus,
d cos b, dAr; = d)y cosB1dAq (A.6)

Since the flux is conserved (in the absence of absorption) d®; = d®,, therefore the
radiance of the two surfaces dA; and d A, is conserved, L1 = L.

In a boundary between two isotropic homogeneous media with two different in-
dexes of refraction n and n’ the power of the beam is the same in both sides of the
surface thus,

Lcos0dAdQ) = L' cos§’dAdQY (A7)

an since dQ) = sin0d0d¢ and dQY’ = sin6’d’6d’$ then n’ sin 0’ = n sin 6 (Snell-Descartes
law) then
L L
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A. PRINCIPLES OF RADIOMETRY

The Bidirectional Reflectance

Let the incident beam comes from the direction (6;, ¢;) within a solid angle dQ);. The
portion of the flux which strikes the element of area dA; centred at (x;,y;) is given by
d®;. The reflected radiance towards the direction (6;, ¢,) at the point (x,, y,) should be
proportional to

dL =S5 (91', (Pl', Xi, Vi, 9;/,(Py, xy,yr) dq)z' (A9)

where S is a scattering function known as the bidirectional scattering-surface reflectance
function BSSRDF. This is a function of the middle point of the incident flux, (x;,y;), the
point from where the reflected flux emerges (x;,y,) and the directions of incidence and
reflectance. These two points can be different due effects such as sub-surface scattering
and multi-scattering.

This is a generic function dependent of 8 parameters and is in general of no practical
use. However it can be assumed that the surface element is uniformly irradiated and
the radiance is only dependent of the incident direction, in which case the incident flux
is

dq)z' = Li CcOos GldQZdAl [W] (A].O)

Moreover, in general the scattering properties of the sample are uniform and isotropic
across the reference plane, so that the scattering function does not depend on the loca-
tion of the point (x;, y,), but it still depends on the distance between (x;, y;) and (x;, y,).
In such a case the radiance is written as

do,

ao; 2.1
A, [Wm™“sr™ ] (A.11)

dLr = Or (91‘/ 4’1’; er/ (Pr)
The function ¢ (60;, ¢;; 6, ¢,) is called the bidirectional reflected distribution function
(BRDF). This function is in fact the ratio between the differential radiance and the irra-
diance of the surface,

' . . dLr (911 4>ll 97’ 4>r)
or (0;,¢i,6:, ¢y) = L; (6;,¢;) cos 8;dQ);

(A.12)

In a similar way it is possible to define the bidirectional transmission-distribution
function defined by:

o ~dL; (6, i, 61, 1)
Qi’ <91, (Pz/ th ()bf) - Li (91-, (,bl) COS Giin

(A.13)

These functions, ¢, and ¢,, cannot be measured precisely since the solid angles involved
are infinitesimal.

In case the reflecting surface is viewed by the detector from a great distance, then
it appears for all practical purposes as it was a point source. Then the radiance can be
replaced by the intensity, I = [ L, cos6,dA,.
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The BRDF, the bidirectional reflected-radiance-distribution function BRIDF is
defined as ratio of the radiant intensity I, in a direction (6,, ¢,) to the incident flux ®;.

dl}’ Gi/ i/97’/ r
Q(Gi/ (Pi/ er; (Pr) - d(q)z El;i,(,bz‘)(‘b ) (A14)

When the element of area dA; is small enough so that the radiance L, can be con-
sidered constant in dA,, the functions BRIDF and BRDF are related by the relation

Oyl (91'/ (Pi/ oy, (Pr) = Or (91‘/ 4’1’; 0y, (Pr) cos 6, (A15)

In either case the bidirectional reflectance functions relate the incoming and outcoming
directions.

Reflectance Geometry Definitions

The bidirectional reflectance is a conceptual quantity and cannot be measured di-
rectly due the fact that it corresponds to infinitesimal solid angles. In real life the solid
angles can be made small, but are still finite. Real experiments involve radiation that
goes some specific solid angle. Hence, this as to be taken into account when measuring
this reflectance functions.

BIDIRECTIONAL DIRECTIONAL-HEMISPHERICAL
BI-CONICAL BI-HEMISPHERICAL

el

Figure A.3: Definition of the reflectances that are used through out the text. Actually
only the bi-hemispherical and bi-conical reflectances can be measured, the directional
reflectances are conceptual only (adapted from [246])).

The reflectance R is defined as the ratio between the reflectance flux and the incident

flux,
)
R(Q;, )y, ®;) = ar (A.16)
1
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A. PRINCIPLES OF RADIOMETRY

However, a more correct expression usually requires the definition of the beam geom-
etry. We are interested in specifically three different geometries; i) directional-conical re-
flectance, ii) directional-hemispherical reflectance and ii) the bi-hemispherical reflectance
(see figure[A.3). All of these reflectances can be measured directly or obtained from the
BRIDF when it is known.

The directional-conical reflectance applies to a reflected solid angles that is far from
infinitesimal. The direction of the incident light is supposed to be unidirectional and
the reflected light is assumed to be within the cone (),. This factor is obtained from the
BRIDF integrating over (),,

0% (6,95:0) = [ 0(6,91,6,,¢7) dO, (A17)
where ¢ corresponds to the bidirectional reflectance function.

The directional-hemispherical reflectance is characterized for a surface which re-
ceives incident radiation that comes from an incident direction (6;, ¢;). The reflected
flux is measured in hemisphere of all possible viewing directions. Thus, it is given by
the integral of BRIDF for all the viewing directions,

RPH(6;, i 2) = /2 (61,16, 9) 4O, (A.18)

This function can also be called black-sky albedo.

The bi-hemispherical reflectance is by definition the ratio between the reflected
flux and the incident flux, both measured over the whole hemisphere above the surface
(see fig. [A.3). For the BHREF is necessary to specify the specific illumination condi-
tions. When the surface is illuminated under diffuse light, thus the incident photons
have a random incident direction BHREF is given by the integral of the BRIDF over the
hemisphere for the incident and reflectant direction

REH (271;270) = ~ / / 0 (6;,¢i,6,, ¢,) dQY, cos 6;d Q% (A.19)
T J2r J2n
This function is also called the white-sky albedo.

However under normal ambient conditions there is also a directional component
which can be introduced in the above integral, this is called the blue-sky albedo.
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APPENDIX B

The Data Analysis Program

The differential reflectance functions, in particular the BRIDF function, are defined
for infinitesimal solid angles. In practice we cannot measure such angles. In fact, the ex-
perimental data measured with the goniometer described in the chapter 2 corresponds
to the ratio between the intensity observed in the field of view of the PMT defined by
the solid angle (), and the flux incident in the surface within a cone with solid angle ();.
To fit the data is necessary to compare these two quantities, therefore it was necessary
to develop a data analysis program that relates both quantities. In the fitting process
the BRIDF is assumed to be described by a function ¢ dependent of a specific set of
parameters (e.g. index of refraction n, albedo p;). A Monte Carlo simulation is used to
obtain the experimental quantity. In this program various directions of incidence, i, and
reflectance, r, are generated within the solid angles (); and (),. These two directions are
geometrically connected to a hit taken randomly position or the reflecting surface. The
BRIDF function is calculated for many directions within these two solid angles, so that
its value could be compared with the experimental data.

The system of coordinates is represented in the figure[B.Il The point ¢'(0,0,0) is at
the centre of the reflecting surface. The plan x0y is the plan of the movement of the
PMT where both v; and v, are defined. The angle ¢ is the angle defined between the
normal of the sample and the plan x0y.

Direction of Incidence

We have considered that the photons are generated at fixed point # (ps, 0,0), where
ps is the distance between the window of the proportional counter and & the centre of
the reflecting surface (see table [Il for the definition of the geometrical parameters). A
direction of incidence is randomly generated inside the incident cone ();. The polar ()
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B. THE DATA ANALYSIS PROGRAM

ppmt
=4 PMT window

Figure B.1: The system of coordinates. Relation between the variables {v;, v;, 9}, in
the plan xoy, and the variables {6;,6,, ¢,}. The point 7 is the scattering point, ¥ is
the viewing point at the PMT window and % is where the photons are generated (the
source).

and azimuthal (@) angles are generated with the following functions

® = arccos|cose+ G- (1—cose)] (B.1a)
o = omC (B.1b)

where ¢ € [0,1] are random numbers, € is the semi-apex angle of incident cone ();
The direction of incidence i is given by

i=cosd®ex+ sindcospeéy+ sindsinge, (B.2)

where &, ¢, and ¢, are unitary vectors along the axis x, y and z.

It should be noted that the direction of the photons is actually —i and not i but the
latter is chosen by convenience thati- v, i-r, i-n are all positive. The global normal
of the surface, n, is computed using the angular positions of the PMT, v;, and of the
sample, v;, and 1,

n = CosV; cos P &y + sinv;cos &y + sinP &, (B.3)
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Table I: Definition of the geometric parameters used

Ps Distance between the proportional counter and 220.6 mm
and the centre of the reflecting surface
Po Distance from the PMT and centre of the surface 66.4 mm
Vv Height of the slit in front of the PMT 13.4 mm or 12.0 mm
H Width of the slit in front of the PMT 2.0 mm or 1.0 mm

The angle of incidence ; is as usually the angle between the normal n and the direction
of incidence i

cos 0; = cos ¥ cosv; cos PP + sin ¥ cos ¢ sinv; cos P + sin ¥ sin ¢ sin ¢ (B.4)

Hit Position

A photon going along the direction i hits the surface at the point 7. This point can
be calculated now The equation of the surface, which contains the point ¢ and with a
normal n (see figure[B.J)) is given by

cos V; cos Px + sinv; cos Py +sinpz = 0 (B.5)

where (x,y,z) is a point in the surface. The equation of the line with direction i and
containing the point & is given by
X —dpo _

y z
= = B.6
cos ¥ sindcosp  sindsing (B.6)

The intersection between this line and the surface gives the position of the photon hit,
S (figureB.I). After some algebraic manipulation .7 is given by the coordinates
dp

H = cosOGi {Gy-n,+i:-n;), —ix-ny, —ir-n;} (B.7)

Viewing Direction

The position of the centre of the PMT window, &’ (see figure[B.I) is given by
. TTN A . URW
P (vi,vy) = dyp sin <Vi + v — 5) &, + dy, sin (vi + v — 5) 8y (B.8)

dyo is the distance between the PMT and the position € in the sample.
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B. THE DATA ANALYSIS PROGRAM

The slit placed in front of the PMT window can have dimensions HV = 2.0 x
13.40mm? or HV = 1.0 x 12.00mm?. A point within this slit (x/,’) is randomly gen-
erated by equations

, 1

X = SH(E-1) (B.9)
y = %L(zg—n (B.10)

where ¢ € [0,1] are random numbers. This is the point where presumably the photon
hit the PMT window. Thus the viewer point 7" has the following coordinates

YV = (pocosv* — x'sinv*, posinv* + x'sinv*, y') with v* =v;+v,  (B.11)

The viewing direction v is defined by this point #" and the hit position .7 (see figure
[B.I). The viewing angle, 6,, is the angle between the direction, v, and the global normal
to the surface, is given by

cost, =v-n (B.12)

Local Angles

The physical quantities, notably the micro-facet probability distribution function,
etc ..., are all expressed relative to the local angles, 6/, 6, and « (see section4.2). If the
reflection is specular these angles are 6] = 0, = 6 and is given by

cos20 =v-i (B.13)
The local normal, n’, is defined by the expression

i+v
n = Scosd (B.14)

The angle « is the angle between the global normal and the local normal thus we have
cosx =n-n’ (B.15)

Both the diffuse lobe and specular spike do not make use of the local angles. The
specular spike is only dependent of the global angle 0;.

The directional-conical reflectance

The BRIDF is calculated for each the angle of incidence (eq. [B.4), viewing direction
(egs. B.12) and the local angles (egs. and [B.I5). The function is computed N times,
for directions of incidence and reflectance within the solid angles (); and ), for each
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pair of angles {v;, v, }. The directional-conical reflectance (see chapter[A) is taken as the
average of this N values,
1
oPC (Q;,0,) = ~ Y o(i,v)  withi € Q;andveQ, (B.16)
N

This function ¢PC can finally be compared with the experimental data at each angular
positions of both the source and photo-detector. This function is feed into the genetic
algorithm and the unknown parameters of ¢ are fitted to the data.
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APPENDIX C

The Genetic Algorithm of Simulation

The genetic algorithm GA is a heuristic search algorithm which adapts some con-
cepts of natural selection and of genetics to problems of computational optimization.
These algorithms are efficient when the search space is large, complex and poorly un-
derstood. Moreover, it does not require the evaluation of any derivatives. An overview
of these methods can be found elsewhere [247], [248] and [249]]. Here we describe the
genetic algorithm used to find the best parameters of reflectance by minimization of
a x? function. The schematics of the implemented genetic algorithm is shown in the
flowchart

All genetic algorithms start by the definition of an initial population of rows of
parameters. Each individual, the parameter row, is described by a phenotype which
contains the coded information. Each phenotype is composed by a specific number
of genes. These genes correspond to the parameters of the function ¢ implemented.
Hence, for example three genes/parameters for the geometrical optical approxima-
tion (p;, n,7), four genes/parameters in the case of the model with a specular spike
(p1, 1,7, K) and so on. The genes are introduced in a form of a vector p = {g1, $2, .-, §n },
specific for each individual and where g; corresponds to the value of the gene/parameter.

The values of the parameters for each individual row are generated randomly uni-
form inside the interval [gy,...,.gm] Where ¢, and gur are the minimum and maximum
values that this parameter can have. These limits are introduced at the beginning of
the program and actually define the search space during the minimization. The values
of the genes are introduced through a real value encoding. This type of encoding was
chosen over the more common binary encoding because the parameters used in ¢ are
real numbers.

The number of individuals in the population is critical for the performance of the
genetic algorithm. The minimization was tested for different population sizes. It was
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C. THE GENETIC ALGORITHM OF SIMULATION

Define
the search space

v

Create
first generation

v

Evaluate
fitness

+ A
— NO ¢
Elitism New generation ¢

YES

Figure C.1: Schematics of the genetic algorithm implemented in the minimization code.
The algorithm starts by defining the search space and by creating the first generation.
Then the fitness of this generation is evaluated using a x? distribution. The new gen-
eration is formed through selection, crossover and mutation (see text). When the stop
condition is achieved the minimization ends, when it is not achieved the fitness is eval-
uated for this new generation.

-3 Selection || Crossover [ Mutation

found that in our case the optimum population size is between 100 and 1000, for a
minimization speed almost constant within this interval.

The reflectance measured (see section[3.15)) corresponds to a directional-hemispherical
reflectance. However, p is used to evaluate the BRIDF function. The transformation be-
tween these two quantities was discussed in the appendix[Bl

The measured directional-conical reflectance, QO, is obtained for a specific position
of the PMT and the sample, v = {v;, v, ¢ }. The results are compared with the predicted
reflectance using a fitness function, we used x? function

O(W)—oi (v 2
XZ (P) ﬁ (Qi ( ) 2Ql ( ;P)) (C.l)
= (U@f)

where ¢! is the experimental value measured at the angular position v and ¢ is the
reflectance predicted for the very same point in space v with the vector of parameters

P-
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Table I: Parameters of the genetic algorithm.

Number of genes 3-5
Population size (number of individuals) 100-200
Crossing rate 0.80
Whole arithmetical crossover rate 0.32
Simple arithmetical crossover rate 0.16
Heuristic crossover rate 0.32
hard mutation rate 0.01
soft mutation rate 0.02
Elitism (number of individuals) 5
Intensity of small mutation 0.05

The sum of the crossover rates is such that 0.32 + 0.16 + 0.32 = 0.80, the remain individuals
are copied exactly to the next generation.

The value of the fitness function is used to generate the next generation of parame-
ters. The two processes that create the next generation are reproduction and mutation
as explained below.

Selection and crossover

The idea is to create new solutions through evolution of the actual population. The
individuals that lead to better solutions (smaller values of x?), i.e. the most fitted in-
dividuals ought to be given preference in shaping the new generation. Thus, only the
selected individuals are able to breed (through crossover and mutation) the new gen-
eration. The individuals are selected according to their fitness in a process that mimics
the principles of natural selection.

The individuals are chosen using method of roulette wheel or the Wheel of For-
tune. In this method the individuals are mapped in a wheel proportionally to their
fitness. The probability that the individuals are selected to crossover is proportional to
the mapped area in the Wheel of Fortune.

Two individuals, the parents, are selected using the Wheel of Fortune to breed the
next generations (the offspring). This process is called crossover. We used four dif-
ferent types of crossover that are chosen aleatory with a pre-defined probability. Each
individual can be selected more than once to crossover because they are not destroyed
in this process. The processes implemented are

a) Whole arithmetic crossover: The crossover is performed for each specific chro-
mosome of the individual parents p; and p;. A random number ¢ € [0,1] is
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C. THE GENETIC ALGORITHM OF SIMULATION

generated. The value of the offspring chromosome pjy is given by
P =¢pi+(1-¢)pj (C.2)

b) Simple arithmetical crossover: The offspring receives the genes from both parents
without any change in their values. An integer random number a € [0,#] is
randomly chosen. If the parent chromosomes are given by the p1 = (x1, ..., x,)
and p2 = (y1, ..., yn) the resulting offspring are

P (X1, wos Xk Ykt woos Yin) (C.3a)
P2 = (Y1, s Yk X4 1, s Xn) (C.3b)

¢) Heuristic Crossover: The resulting offspring is generated from two parents p; and
p2 with x? (p2) > x? (p1). For each chromosome k a random number ¢ between
0 and 1 is generated

P = &(pu—Pr)+pPu (C.4a)
P Pii (C.4b)

d) No Crossover: The crossover between the two individuals do not always occur,
with a certain probability (about 20%) the selected individuals are copied directly
to the next generation.

At the end of this process only the offspring individuals are kept.

Mutation

The mutation implemented in the genetic algorithm mimics the corresponding pro-
cess that exists in the nature. The mutation is essential to enrich the genetic pool and
prevent the algorithm of falling in local minima. A chromosome is chosen at random
to mutate from an individual also chosen at random. These probabilities are uniform
and not dependent of the fitness of the individual.

Two different types of mutations are considered: a large mutation and a soft mutation.
If it is a hard mutation the new value of the chromosome is chosen from an individual of
the initial population. In case of a soft mutation only a small variation of the value of
the gene of this chromosome is introduced. If gy is the value of the gene and ¢ a random
number between -1 and 1, we set the new gene g, as

gn = 80 +Z¢ (§m — §m) (C.5)

where 7 is the intensity of soft mutation, the value used is 0.05.

We introduced the probability of hard mutation P, and a probability of soft mutation
P;. These probabilities are defined by the number of mutations respectively to the total
number of genes.
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The probability that a specific chromosome mutates is given by Ps + P, where Ps
corresponds to the probability of small mutation and P, the probability of hard mutation.

The probabilities P; and P, should be low because because if these probabilities are
too large the genetic algorithm becomes a random search algorithm. These probabilities
were set the value of P; = 0.02 and P, = 0.01.

Elitism

This is a random algorithm and therefore during the process we risk loosing some of
the best individuals and to go straight to after crossover and mutation. A way to avoid
this is by elitism - The five individuals with the highest fitness are chosen to remain
unaltered and to go straight to the next generation.

Next generations

After the reproduction and mutation the x2 function is computed for each individ-
ual of the entire population. Their chi-square is evaluated again and a new generation
is created through crossover and mutation. The minimization stops when the five best
individual remain the same after five successive generations.

The values of the genes obtained with the genetic algorithm are a good solution of

for the minimization problem. The predicted reflectance needs to be compared with the
results to test the fairness of the result obtained.
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